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FOREWORD
This report describes the work performed during the period 27 June 1968
to 16 June 1969 under Contract NAS8-21310 for the NASA Marshall Space
Flight Center. The NASA Technical Monitor was Mr. C.R. Bailey, and
Dr. Uno Ingard of the Massachusetts Institute of Technology served as
technical consultant. Special acknowledgement is given to C.R. Bailey
for suggesting the possible correlation between acoustic resistance and
aperture flow coefficients, and to Senior Experimental Engineer J.A. Lipsit
of Pratt & Whitney Aircraft for his help in the development of the elec-
tronic system for the pressure-phase impedance measuring apparatus used
on this program.
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Tile ubjectives of Lhe work performed duri[ig tile first year of _ffort
under Contract NAS8-21310 were (i) to improve the present acoustic liner
design theory in the high frequency and high sound pressure regime, and
(2) to develop and demonstrate, using a cold-flow acoustic device, the
techniques required for the measurement of absorbing liner acoustical
characteristics during hot firings of rocket chambers. To meet these
objectives, three tasks were defined, as described below.
A. TASK I - HIGH FREQUENCY ANALYSIS
Conduct experimental investigations using an existing standing wave
impedance measuring device at frequencies up to 8000 Hz and at sound
pressure levels to approximately 160 decibels (db)* and use the data, ob-
tained by the pressure ratio-phase angle method, to provide the basis for
a new or an improved absorbing liner design theory. In addition, obtain
sufficient data at frequencies lower than 2000 Hz for comparison with
standard ASTM impedance tube data.
B. TASK II - CHAMBER SIMULATOR FABRICATION
Fabricate a cylindrical cold-flow test apparatus for the purpose of
obtaining resonator impedance data in a simulated rocket thrust chamber.
The chamber to be equipped with a high-intensity sound generator capable
of exciting a tangential mode of instability. The capability for gas
flow through and past the resonators to be provided. Sound pressure
level capability to be at least 160 db with frequencies to approximately
2000 Hz.
C. TASK III - SIMULATOR EXPERIMENTS
Conduct tests to determine any differences in the performance of
resonator arrays between standing wave impedance tube data and tangential
wave data obtained during tests of the apparatus fabricated under Task II.
It was expected that this series of testing would develop the techniques
and give a preliminary definition of the limitations of absorber impedance
measurement during thrust chamber firings.
*In this report, all pressures expressed in db are based on a reference
pressure of 0.0002 microbar.
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SECTION II
SUMMARY OF ACCOMPLiSEMEN_rS
Under Task I, 23 resonator assemDiies (samples) were used in an
existing high-frequency impedance measuring device to supply data for
analysis. More than 300 data points were obtained at sound pressures up
to 176 db. Analysis of the resistance data revealed the existence of
significant sample-to-sample differences that were found to be caused by
minute nonuniformities in the aperture edges. Excellent correlation of
resistance data was obtained using a time independent flow coefficient
as a measure of the edge effects. An equation expressing the functional
relationship between resistance, particle velocity, density, and flow
coefficient was formulated from an analogy with time-independent flow.
The agreement of reactance data with experiment was found to be good,
but some improvement through the use of a simple expression for the
effective aperture length was noted. Comparisons of nonlinear correc-
tion factors computed from the high-frequency data were made with those
obtained using ASTM probe-type impedance tubes by correlating the correc-
tion factors with sound pressure level. Agreement was found to be only
fair with a considerable amount of scatter in the factors computed from
the new data. The scatter was attritubed to both aperture edge effects
and to the extremely wide range of geometric variables and conditions
over which the experiments were conducted. No attempts to improve the
correlation between the new factors and SPL were made because the correct
proportionality between resistance and particlevelocity is not expressed
by the equation from which the correction factor is defined.
Under Task II, a static (no flow) chamber simulator was used to pro-
vide preliminary acoustic data on which the design of flow-type apparatus
could be based. From the results of the preliminary experiments, it was
shown that with a partitioned liner, the effects of incidence angle were
negligible; therefore, either normal or tangential standing wave impedance
measuring devices could be employed for the simulator flow experiments.
The existing high-frequency impedance tube was modified for testing with
flow through the apertures, and a new tube was designed for the experi-
ments with flow past the apertures.
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Simulator experiments (Task III) with flow past or with flow through
the apertures showed that the empirical theory derived from probe-type
impedance tubes predicted effects of flow on resistance to be signifi-
cantly greater than that measured using the pressure-phase impedance
measuring techniques. Reasons for the observed differences are believed
to be caused by limitations and inaccuracies inherent to the probe-type
impedance device when used with net flows. New empirical correlations,
based on the simulator data, were formulated for use in liner design
analyses.
From the results of the work reported herein, it is recommended that
the following equations be used in the analytical design of absorbing
liners; an example of one way in which the equations may be applied is
presented in Appendix A.
Acoustic resistance with no net flow in the nonlinear regime charac-
terized by particle velocities _60 ft/sec:
R = 0.37 pu(Cf)"2__
or
(II-I)
9
= 0.37 u/C_ c_ I (II-2)
For velocities less than 60 ft/sec
R = (8_pp) I/2 (I + t/d) (11-3)
is a reasonable approximation; however, some uncertainty still exists as
to how aperture edge effects should be considered at lower particle
velocities. It is therefore recommended that further analysis be con-
ducted in an attempt to improve the theory for use in the transition
and linear regimes.
The acoustic reactance of a partitioned cavity of backing depth smaller
than quarter wave length can be computed for a conventional resonator array
with cavity cross-sectional area approximately equal to facing surface area
from
_eff_ c
X - (n-4)
c_ LeO
_eff = t + d. (II-5)
where
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For situations with flow through or past the apertures the following
should be used:
Flow through the apertures:
M T
0 - 3 where MT _0.5 MNF (II-6)
Cf _I
If the net flow through the apertures is less than 0.5 MNF , then equa-
tion (11-2) should be used. The reactance for any flow-through velocity
is computed from equations (11-4) and (11-5).
Flow past the apertures:
0= 0NF (I + 1.9 Mp) (II-7)
where _NF is the resistance calculated from equation (11-2), i.e., for
no zero net flow. The equation
_eff = (t + d)(l - 1.65 Mp) (II-8)
V
should be used to calculate the effective length and then used in equa-
tion (11-4) to compute the reactance with flow past the apertures.
It is recommended that further experiments be conducted to better
define the effect of higher, i.e., greater than a Mach number of 0.26,
gas flow past on the acoustic characteristic of a resonator. The experi-
ments should be conducted with media of different density to determine if
the flow effects are dependent upon velocity or Mach number and with
samples of various thickness, open area ratio, backing cavity depth,
and aperture diameter.
The extrapolation of the liner design theory, based on the results of
cold-flow experiments to hot-firing conditions, introduces significant
uncertainties, primarily because the magnitude of pressure oscillations,
particle velocities, and gas flow can only be approached in cold-flow
simulations. In the past, it has been necessary to assume that the
*From the results of previous experiments (Reference 2), it was found
that, for liners subjected to simulataneous flow through and past the
apertures, the acoustic resistance should be computed as if only flow
through were present.
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results from the cold-flow experiments would be applicable to hot-firing
situations principally because no reliable experimental techniques for
making similar measurements during firings were known. Efforts under
the present program have shown the pressure-phase impedance measuring
technique to be an extremely precise experimental tool that can be
readily adapted to hot-firing experiments. It is, therefore, recommended
that such experiments be conducted for the purpose of verifying and im-
proving, if necessary, the above design theory. Finally, it is also
suggested that attempts be undertaken to improve the absorbing liner
design theory for unpartitioned liners.
II-4
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SECTION III
TASK I - HIGH FREQUENCY ANALYSIS
The absorption coefficient used in the analytical design of acoustic
liners is computed from
a _- 48 (III-i)
(0+1)2 + ×2
where 0 is the specific acoustic resistance and X is the specific acous-
tic reactance of the resonator arrays. At frequencies near resonance
where most liners are designed to operate, the resistance is much greater
than the reactance (@>>X); thus, the resistance is the controlling
factor in predicting the absorption of the liner.
For sound intensities of less than i00 db, where viscous drag caused
by the oscillatory flow of gas through the apertures is the principal
mechanism for energy loss, the resistance can be determined with suffi-
cient accuracy using existing theory. But as the intensity is increased,
extreme turbulence and circulatory flow patterns develop in the apertures,
causing the resistance to become a nonlinear function of sound pressure.
The resistance in this nonlinear regime cannot be predicted from the-
oretical considerations; therefore, designers must rely on experi-
mental data for use in their analyses.
As first suggested by Ingard (Reference i), the data are usually
correlated in the form of an "end correction" factor, _n_ ' which must
be added to the viscous resistance in the following manner:
e = 18_p_)i/2 (i + t/d +_n_/d) (111-2)
pc_
Until recently, the generation of high intensity sound in a controlled
experiment was difficult; thus, only limited amounts of correction factor
data for arrays of resonators were available. In 1967, as part of the
final year of effort under Contract NAS8-II038, a conventional ASTM
impedance tube with a high intensity electropneumatic sound generator
was used to measure the resistance of three different resonator arrays
(_ = 3, 5, and 10%) over a frequency range of 400 to 2000 Hz. Correction
factors, computed from the data using equation (111-2), were correlated
with sound pressure, as shown in figure III-i.
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Figure III-l. Nonlinear Resistance Data FD 19156
Although the ASTM impedance tube is a useful apparatus for measuring
absorption coefficients, it does have an inherent limitation, i.e.,
precise, high-frequency (above 2000 Hz) impedence data are difficult to
obtain, especially with sound levels above 140 db. In an attempt to
overcome this limitation, a pressure-phase impedance measuring device
was fabricated and a series of preliminary experiments were conducted
in which the absorption coefficients of several resonator arrays were
measured at frequencies from i000 to 8000 Hz (Reference 2). Comparison
of results with absorption coefficients computed using the correction
factors of figure III-i showed that the coefficients could be accurately
predicted up to a frequency slightly greater than that of resonance,
but, at higher frequencies, the measured absorption coefficients were
significantly lower than the computed values. (See figure III-2.)
From these results, it was concluded that the use of the correction factor
data in the acoustical regime characterized by high sound pressures and
high frequencies was not valid, and it was recommended that the analysis
of high-frequency impedance characteristics be continued as part of the
present program.
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A. EXPERIMENTS
To determine the relationship between the resonator configuration
and its acoustical characteristics, each of the_23 resonator assemblies
described in table III-i was installed in the impedance apparatus described
in Appendix B and tested over a range of frequencies and sound pressure
levels. Over 300 data points were obtained, each consisting of a
measurement of the cavity sound pressure and the phase angle for a set
frequency and total sound pressure, i.e., the sound pressure in front of
the resonator face. The range of frequencies and sound pressures was
700 to 5800 Hz and 140 to 176 db, respectively. The data from a series
of experiments with one resonator at a constant sound level of 160 db
are illustrated in figure 111-3 to show how the cavity phase angle and
sound pressure vary with frequency.
III-3
Pratt &Whitney Aircraft
PWA FR-3299
Table III-i. Resonator Configurations Used in Impedance Experiments
Resonator Open Area
Sample No. Ratio, %
Sample
Thickness,
in.
i 1.50 0.iO
2 3.00 0.i0
3 3.95 0.09
4 5.40 0.i0
5 5.65 0.09
6 6.90 0.i0
7 8.00 0.i0 i
8 8.85 0.i0
9 10.80 0.i0
i0 13.00 0.i0
ii 5.40 0.05
12 5.40 0.15
13 5.40 0.20
14 5.40 0.25
15 13.00 0.i0
16 10.80 0.i0
17 10.80 0.i0
18 5.40 0.i0
19 5.40 0 .I0
20 5.40 0.i0
21 5.40 0.I0
22 8.0 0.I0
23 8.0 0.i0
Cavity
Backing Depth,
in.
Aperture
Diameter,
in.
0.50
0.50
0.50
0 5O
0 5O
0 50
0 50
0 5O
0 5O
0 5O
0 5O
0 5O
0.50
0.50
O. 15
0.20
0.15
0.50
0.50
0.40
0.60
0.40
0.60
0.047
0 056
0 052
0 052
0 047
0 052
0 056
0 047
0 052
0 052
0 052
0 052
0.052
0.052
0.052
0.052
0.052
0.037
0.094
0.052
0.052
0.056
0.056
165
Total Sound Pressure
at R_onator F_
 / souo /
ssure --/
L._ Fhase Difference
2 3
FREQUENCY- KHz
J Resonator
Dimensions
o'= 3.9%
L = 0.5 in._
d = 0.5 in.
=0.10 in.
160 '_
I
z
110
60 N
<
10 _
Figure 111-3. High Frequency Data for a
Particular Resonator Assembly
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111-4
Pratt & Whitney Aircraft
PWA FR-3299
B. ANALYSIS OF DATA
The equations derived in Appendix B were programmed for a digital
computer and were used to determine the components of impedance, absorp-
tion coefficients, incident sound pressures, and orifice velocities from
the pressure-phase data; results are included in Appendix D. The com-
putations were made for every data point, however, not all of the data
were used in the following analysis. An error analysis of this experi-
ment (see Appendix B) showed that significant errors can be introduced
at certain phase angles and, if the total resonator impedance fell below
0.5, therefore, such data were excluded.
I. Acoustic Resistance Data
Originally, two approaches were to be taken in the analysis of the
acoustic resistance data: nonlinear correction terms were to be computed
and correlations similar to that of figure III-I were to be attempted.
The other approach was to be based on observations published by Ingard
and Ising (Reference 3). A discussion of results from the latter ap-
proach is presented first.
In their work, Ingard and Ising used a hot-wire annemometer to measure
the oscillatory flow velocity, u, in a single orifice mounted at the end
of a tube. A piston driven at a frequency of 150 Hz was used to generate
sound pressures up to 162 db. Using their data, the researchers showed
that when the orifice velocity was greater than approximately 30 ft/sec,
the driving sound pressure was approximately equal to pu 2. In addition,
in the nonlinear regime, when the resistance was significantly greater
than the orifice reactance, they found that,
R _ pu
and confirmed that the relation was frequency-independent, at least up
to a frequency at which the orifice reactance equals the resistance.
(Note, however, that even though the function R = pu is independent of
frequency per se, the resistance will vary with frequency because the
particle velocity for a particular resonator varies with frequency.)
Such a simple expression for the acoustic resistance would be extremely
useful for acoustic liner design purposes; therefore, attempts to
111-5
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develop a similar function from the high-frequency resonator data were
begun.
The resonator array with an open area ratio of 1.5% was most like the
single orifice used by Ingard and Ising that had a_of 0.5%; thus, the data
from that array were compared with their annemometer data. Also included
in the comparison were the earlier ASTM impedance tube data of Bies and
Wilson (Reference 4) and Ingard's data of 1953 (Reference i). As shown
in figure 111-4, excellent agreement among all of the data samples was
found.
100.0
O4
I
. 10.0
<z
1.0
O 0.1
L) 0.1
• Data of Bies and V_rflson (1957) _ ASTM Impedance
Data of Ingard (1953) _ Tube
-- Data of Ingard and Ising (1967) Anemometer <_
Pratt & Whitney Data for 1.5% pA_
Open Area Ratio - Pressure/Phase
10.0 100.0 1000.0
OSCILLATORY FLOW VELOCITY, u - ft/sec
Figure 111-4. Comparison of Pressure-Phase
Data With ASTM Impedance Tube
Data and Anemometer Data
FD 33034
Shown in figures 111-5 and 111-6 are the results of similar compari-
sons of the resistance data obtained from resonators with open area
ratios greater than 1.5%. The resistance for each particular facing sample
was found to be directly proportional to the orifice particle velocity, but
in every case the resistance fell lower than the line representing the func-
tion R = pu. In addition, significant sample-to-sample differences in the
data from each resonator were evident.
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As an aid in further investigation of the sample-to-sample differences
in resistance, a coefficient of proportionality, K, defined as the ratio
of resistance to the product of particle velocity and density, i.e.,
K = R/pu, was computed for each data point. Correlation of the propor-
tionality coefficient with open area ratio and facing thickness was
attempted, as shown in figures III-7 and III-8, but no creditable functional
relationship between K and either geometric variable could be established.
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a. Spectrum Analyses
A possible cause of the variation in the resistance data was con-
sidered to be the harmonics of the fundamental frequency that might be
present in the impedance apparatus and resonator cavity. Even though all
harmonics are electronically filtered before the sound pressures were
recorded, it was not known what effect superimposed harmonics might have
on the orifice velocity. If the effect were to increase the velocity
without changing the resistance, the value of K could be significantly
affected. To investigate this possibility, additional high-frequency
experiments were conducted. For the experiments, two of the sound
sources were connected to a separate oscillator and amplifier so that
sound waves at two different frequencies could be introduced. First,
spectrum analyses were made with the 5.4 and 8.0% open area ratio
samples installed in the impedance tube. As shown in figure 111-9,
sound pressures with frequencies corresponding to the first four harmonics
were detected with both resonator assemblies. In neither case were pres-
sures at frequencies lower than that of the fundamental found in the imped-
ance tube or resonator cavity.
The fundamental frequency was next introduced at a level of 135 db
using two drivers, and the resulting basepoint sound level was measured
at the first harmonic. Then through the use of two additional drivers,
the sound pressure at the first harmonic was increased in 5-db increments
until it exceeded the 135 db level at the fundamental by 15 db. The ratio
of the resistance at the fundamental frequency to the basepoint resistance
at the same frequency is shown in figure lll-lO as a function of the
harmonic sound level. The results show that the resistance at the fund-
amental frequency is not affected until the sound level at the first
harmonic exceeds that at the fundamental by i0 db or more. The results
of the above spectrum analysis showed that the amplitude of all natural
harmonics were lower than that of the fundamental; therefore, the effect
of harmonics were eliminated as a possible cause of the sample-to-
sample differences in the resistance data.
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b. Flow Coefficient Effects
It has long been known that the acoustic impedance of resonators
operating in the nonlinear regime is strongly affected by the circulatory
flow patterns that develop in the vicinity of the orifice. In 1950,
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Ingard and Labate (Reference 5), using stroboscopic illumination of smoke
particles, investigated the acoustical streaming around resonator ori-
fices. Circulatory flow patterns were analyzed as a function of the
oscillatory particle velocity through the orifice and the various types
of circulation were classified into the four following regions:
Region i.
Region 2.
Region 3.
Region 4.
A low sound region with stationary circulation; the
flow is directed out from the orifice along the axis
A region of stationary circulation in which the
direction of flow along the axis is toward the
orifice, i.e., the reverse of that in Region 1
A medium sound intensity region where pulsatory
effects are superimposed on circulation of the kind
in Region 2
A high sound intensity region in which pulsatory
effects are predominant, resulting in the formation
of jets and vortex rings: the jet consists of a
strong airflow through the orifice, signified by a
sudden burst of air; this burst appears symmetri-
cally on both sides of the orifice and is made up
of pulses contributed by each cycle of the sound
wave.
In all of the experiments reported herein, the sound levels were high
enough to cause the type of circulation patterns of Regions 3 and 4,
i.e., regions of extreme turbulence characterized by pulsatory jets.
Highly turbulent time-independent flow through orifices is known to be
significantly affected by slight (or even minute) changes in the orifice
edge shape, e.g., a square-edged orifice has a higher resistance to flow
than an orifice of identical diameter but with a slightly rounded leading
edge.
With time-independent flow, a measure of edge effects is obtained
through the use of a flow coefficient in the equations relating flow-
rate to pressure differential, (_P), i.e.,
/2gpaP
w = A2CfYI_ _ i _)4 (III-3)
where Cf is a single flow coefficient consisting of the product of the
contraction coefficient and the discharge coefficient. This flow coef-
ficient was experimentally determined with time-independent flow* for
*Refer to Appendix C for a description of flow coefficient experiments.
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several resonator facing samples of identical open area ratio and aper-
ture diameter for which the acoustic resistance had been previously
measured.
Correlation of the inverse of the flow coefficient with the acoustic
resistance coefficient, shown in figure III-ll, revealed similar trends
in both sets of data and indicated that further analysis was warranted.
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Flow coefficients of the remaining facing samples were measured, and, in
an attempt to determine the functional relationship between the two
coefficients, the following flow-acoustic analogy was investigated.
The definition of the acoustic impedance of an orifice
_i - _2
Z =R+iX-
P
U
may, for the nonlinear regime where R>> X, be written as simply
(III-4)
P1 - P2
(III-5)
II
111-12
Pratt &Whitney Aircraft
PWA FR-3299
For time-independent flow through an orifice, the analogous flow resist-
ance parameter is u_-_-'--_J_-_Lcuas
PI- P2
Rf = u
m
where PI - P2 is the pressure differential and Um is the mean
velocity in the orifice. The orifice equation for imcompressible
flow and neglible approach factor
(III-6)
um = Cf _ 2g (PI - P2 )/p (111-7)
may be rewritten as
PI - P2 _ PUm (III-8)
u (Cfm 2g )2
Using equations (111-6) and (111-8), the following proportionality is
established.
pu
m
Rf= 2 (111-9)
(cf)
The similarity in the acoustic and flow resistance parameters and the
known dependence of the flow resistance upon the flow coefficient, Cf,
suggests that if the flow coefficient is to be correlated with acoustic
resistance data, the most suitable functional relationship should be of
the form,
R = R p, u, Cf (III-i0)
Correlation of the resistance data with the flow coefficient using the
data from all facing samples was attempted. A mean value of the pro-
portionality coefficient, K, was determined from the resistance data of
each sample, and, in addition, two new proportionality coefficients
defined as
R
E1 = p--_-Cf (III-ii)
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and
R 2
K 2 = p-_-- (Cf) (111-12)
were computed. It is worthy of note that K 2 is written in the same terms
as those of equation (III-I0). The results are shown in figure 111-12.
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It is evident that the sample-to-sample differences in the K I and K 2
values are significantly less than the original K values; the differences
in K 2 appear to be somewhat less than those of K I, which is substanti-
ated by comparing the deviations in the K I and K 2 values, as follows
Average Average Maximum
Coefficient Value Deviation, % Deviation, %
K I 0.50 13.4 34
K 2 0.37 12.5 32
From the results, it is concluded that the most precise representation
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of the acoustic resistance data in the nonlinear regime is
-2
R = 0.37 rOUCf (111-13)
It is interesting to note that a sharp-edged orifice like that used by
Ingard and Ising (Reference 3) is known to have a flow coefficient of
approximately 0.61. If that value is used in equation (III-13)
0.37
R --- pu = 1.0 pu (111-14)
(0.61) 2
further corroboration of the validity of equation (III-13) is obtained.
Equation (111-13) is only valid for use in the nonlinear regime, thus
the particle velocity at which the transition from the linear to the non-
linear regime occurs must be known. To define the velocity additional data
were taken using six resonator assemblies over a range of velocities
from 5 to 400 ft/sec. As shown in figure 111-13 the data were correlated
in the form RCf 2 as a function of particle velocity. From these results
the particle velocity that separates the nonlinear regime from the
transition and linear regimes was arbitrarily chosen to be 60 ft/sec.
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c. Nonlinear Correction Factors
A second approach in the analysis of the resistance data involved
the nonlinear correction factors commonly used for design purposes. The
factors were computed from the data using equation (111-2), i.e.,
_n_/d- ePc_ - i - t/d
(8pp_) 17_
(111-15)
where e is the experimental specific acoustic resistance. Results are
shown in figure 111-14; also shown are lines representing correction
factors from the ASTM impedance tube experiments (Reference 2) and the
original correlations of Ingard (Reference l) and Blackman (Reference 6).
Agreement between the impedance tube correction factors and those from
the pressure phase experiments is as good as can be expected in view of
the amount of scatter in the new data. The scatter can be attributed to
both aperture edge effects and to the extremely wide range of geometric
variables and conditions over which the experiments were conducted. No
attempts to improve the correlation between the new factors and SPL were
made due to the fact that a simple relation between incident SPL and
_n_/d is only valid for f _ fo because the correct proportionality
between resistance and particle velocity at frequencies greater than
resonance is not expressed by the equation from which the correction
factor is "defined" (equation 111-2).
For example, assume equation (111-2) and the _n_/d function of Refer-
ence 2, _ /d = 1.6 P., where P. is the incident sound pressure in
n_ l l
Ib/ft 2, are used to compute the resistance for a resonator operating
with constant incident pressure but variable frequency. At frequencies
up to and including that of resonance, 8 will be correct within the
limits of experimental error. At resonance, the particle velocity is a
maximum; thus, the velocity will be less at all other frequencies. Because
R_u, the resistance at all other frequencies must also be less than the
value at resonance. The dependence of resistance upon frequency in
equation (111-2) is
8 _ f 1/2
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which correctly accounts for the decrease in resistance with particle
velocity below resonance, but which produces an increasing error as fre-
quency is increased above resonance. The situation can be corrected by
rewriting equation (111-2) so that the correct functional relationship
between resistance and all frequencies is established. To do so, however,
only leads to an unnecessary complication, because the true variable
affecting resistance is velocity not frequency.
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Expressing the correction factor as a function of particle velocity
has been attempted by Ingard (Reference I), Blackman (Reference 6),
Sirignano (Reference 7), and others; however, Ingard's and Blackman's
corroboration with resonator array experiments has been rather poor.
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The theory of Sirignano is unique in that he has corrected the
defined A to account not only for the incorrect frequency relation butnf
also for the density and viscosity so that the proper functional relation
for resistance in the nonlinear regime is obtained. This may be shown
by the following.
where
Sirignano's theory states
u
= _ (III-16)
: (An_/d) + i (III-17)
If equation (111-2) is written in the following form
R = @pc_ = (8_p_) I/2 (i + t/d + An_/d) (III-18)
and equation (111-16) is substituted, then
R = (8_p_) I/2 (t/d + _) (111-19)
In the nonlinear regimeE>> t/d is a reasonable assumption; hence, it
can be neglected in the above equation. Replacing _ by equation (111-16)
and simplifying produces
4pu 0.43pu (111-20)R = 3---_=
which shows that even though Sirignano's defined nonlinear correction
term, equation (111-16), is a function of both frequency and viscosity,
when the term is used with equation (111-19) to compute the acoustic
resistance the two variables cancel so that the resulting expression,
equation (111-20), is correctly independent of both. However, comparison
of equation (111-20) with equation (111-13) suggests that the Sirignano
theory will not account for aperture edge effects and if the theory is
modified by the flow coefficient to account for these effects in the
following manner:
(111-21)
then the values of _C will be, on the average, approximately 16% higher
than experimental data.
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To check the hypothesis, a comparison of the correction factor data
with equation (III-16) was made. The results are shown in figure III-15
as the ratio of _ /_E where _E is the value of (An_/d + i) computed Irom
the resistance data (again using equation (III-15) and _ is computed
using equation (III-16). As expected the resulting sample-to-sample dif-
ferences appear similar to those found to be caused by aperture edge
effects. (See figures III-7 and III-8.)
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To correct for the edge effects the theoretical values of _ were
multiplied by the value of Cf -2 for each facing sample; results alsoare
shown in figure III-15, as a ratio of _C/_E where _C is the corrected
value.
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A decrease in sample-to-sample differences is observed, and a line
representing a 16% difference between theory and experiment in fig-
ure 111-15 may be noted to pass through most of the data. The variation
with _ should not be mistaken as a possible result of variations in the
thickness-to-diameter ratio; this ratio was essentially constant (= 2)
for all but the shaded bar.
2. Acoustic Reactance Data
From the analysis of the nonlinear regime reactance data, it was
found that the present theory is in good agreement with experiment;
however, improvement was obtained by using a new simple expression for
the effective aperture length. No aperture edge effects in the react-
ance data were noted and no improvement in the theory through the use of
the flow coefficient could be obtained. A summary of this work, including
the most significant results, are described in the following paragraphs.
To show a comparison of the reactance data with theory, the results
from experiments with apertures of various thickness were used. The
theoretical reactance was determined from the equation
2_ _eff c i I
X- c _ f 2_ L f (III-22)
where the term containing _eff is the inertance, and the term containing
L is the capacitance. The effective aperture length was determined from
the equation
_eff = t + 0.S5 d (i - 0.7_. (III-23)
The experimental values of inertance, reactance, and effective length
were determined using the pressure-phase data, as shown in Appendix B.
Only a comparison of the inertance data (figure 111-16) need be made
because the capacitance is an exact term. The agreement at high fre-
quencies is of the same degree as at the low frequencies. Apparently,
there is no need to improve the method of predicting inertance at high
frequencies; however, the theory could be improved for better agreement at
all frequencies by improving the expression for effective length. Addi-
tional analysis of the data with this objective was attempted.
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Analysis of a large sample of effective length data led to the con-
clusion that the best representation for the effective length is simply
_eff = t + d (III-24)
where t is the resonator facing thickness and d is the aperture diameter.
The error in the use of the equation is demonstrated in figure III-17.
It is worthy to note that except for the data from one particular facing,
The use of equation (III-24) tothe maximum error is less than + 20%.
predict the frequency of resonance
(111-25)
will result in a much smaller error in fo because ___ff appears to the
-1/2 power. The improvement in agreement between inertance data and
theory using equation (111-24) may be noted by comparing figure 111-16
with figure 111-18.
III-21
Pratt &Whitney Aircraft
PWA FR-3299
+40
+20
!
¢,*-4
N 0
'N -20
|
'_t -40
L
0 1
Legend:
___eff T = t + d
"_ eff E Experimental Value
I = Range of Scatter
{y
I"0 1.50
3.00
3.95
5.40
Q 5.40
f_ 5.40
$ 5.40
5.40
! @ 5.40
!o 5.40
0 5.65
0 6.95
A 8.0O
8.85
X 10.8
<9 13.0
2 3 4 5 6
RATIO OF FACING THICKNESS TO
APERTURE DIAMETER, t/d
I
t
in.
0.10
0.10
0.09
0.05
0.10
0.15
O.2O
0.25
0.10
0.10
0.09
0.10
0.10
0.10
0.10
0.10
I
7
d
in.
0.047
0.056
0.052
0.052
0.052
0.052
0.052
0.052
0.037
O.O94
0.047
0.052
0.056
0.047
0.052
0.052
8
Figure III-17. Error in Theoretical Effective
Length Term
FD 31350
"1 /._400 . _ o7, o
300
[.., 2o01 3"_Y.,,-#" I _ I _ in. J in. I in. -1
I I 5.,oo, oo,=1o /
Z l /_ _ -I I 0 5.4 o.m 0052 o_ /
'_ I00l /// _- ] } O 5.4 0.20 o.052lo.5J
0 _''- I I I !
0 1000 2000 3000 4000 5000
FREQUENCY- Hz
Figure III-18. Comparison of Inertance Data
With Improved Theory
FD 31378
III-22
Pra_ & Whitney A ircra_
PWA FR-3299
SECTION IV
TASK II - CHAMBER SIMULATOR FABRICATION
The objective of the work performed under Task II was the fabrica-
tion and preliminary checkout of a cylindrical acoustic device that
could be used to provide impedance data for an absorbing liner in a simu-
lated rocket chamber. This type of experiment was necessary for the
reason discussed below.
The theory used in the design of absorbing liners utilizes empirical
correlations developed from impedance data obtained with ASTM-type imped-
ance tubes. Impedance apparatus of this type use flatplate liner samples
rigidly mounted at the end of a tube in which the only organized acoustic
modes are longitudinal. In these types of tests both the incident,
refracted and reflected waves must be normal to the liner surface; there-
fore, results obtained applied only to one-dimensional, normal reacting
surfaces.
For such surfaces, the refracted pressure wave travels nearly normal
to the surface, irrespective of the particular angle of incidence; hence,
it is reasonable to assume that the ratio of acoustic pressure acting upon
the surface to the fluid velocity normal to the surface will also be in-
dependent of the direction of the incident wave. Then the impedance of
the surface, which by definition is the above ratio, can be expressed
simply as the normal specific acoustic impedance.
Uncertainty in the formulation of the absorbing liner theory is
introduced by the assumption that a cylindrical surface has the same
acoustic characteristics as a one-dimensional normally reacting surface.
To eliminate this uncertainty it was necessary to determine the acoustic
characteristics of a cylindrical liner having obliquely incident sound
waves and to determine if such a liner is a normally reacting surface.
A. APPARATUS
No design criteria have been set forth for the design of tangential
and radial acoustic chambers; therefore, a static (i.e., without flow
capabilities) tangential acoustic chamber was fabricated so that tests
could be conducted to provide design information for the chamber simulator.
(See figure IV-I.) This information would include the number of acoustic
drivers necessary for nonlinear operation, the response characteristics
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of t h e  chamber, and an  e f f i c i e n c y  eva lua t ion  of t he  coupl ing device 
between the  d r i v e r s  and the ciiarnbrr . 
Sound Source 
Absorbing Liner 
Test Section r Plexiglas Plate 
Microphone M o u n t 1  L Sound Source 
Ft 7913 
Figure  IV-1. S t a t i c  Tangent ia l  Chamber FD 25290 
The c y l i n d r i c a l  t es t  chamber had a 5- in .  i n t e r n a l  diameter with an 
a x i a l  l ength  of 1 i n .  
P l e x i g l a s  p l a t e s  t o  enable  v i s u a l  observa t ion  of pressure  d i s t r i b u t i o n s  
when Styrofoam p e l l e t s  were placed i n  the  t e s t  chamber. The top  P lex i -  
g l a s  plate  contained instrumentat ion po r t s  f o r  microphones and the p l a t e  
w a s  capable  of being r o t a t e d  s o  t h a t  any po in t  i n  the  chamber could be 
observed. Two Atlas Sound Driver Uni t s ,  Model PD-GOT, were used as sound 
sources ;  both were t a n g e n t i a l l y  mounted on the t es t  chamber. The l i n e r  
t e s t  s e c t i o n  occupied approximately 8% of the  t o t a l  su r f ace  area on the  
o u t e r  diameter chamber w a l l ,  and was loca ted  45 deg from one of t h e  sound 
i n l e t s .  Two Briiel & Kjaer ,  Model 4138, 1 /8 - in .  condenser microphones were 
used i n  the  absorbing l i n e r  t es t  s e c t i o n .  
s u r e  o s c i l l a t i o n s  i n  the  chamber i n  f r o n t  of the  t e s t  s e c t i o n  and t h e  
second, pressure  o s c i l l a t i o n s  i n  the  r e sona to r  cav i ty .  The ou tputs  of 
both microphones were suppl ied  t o  the pressure-phase impedance measuring 
appara tus  descr ibed i n  Appendix B .  
The ends of t he  chamber were made of 1 /2- in .  
One microphone measured p r e s -  
B . PRELIMINARY EXPERIMENTS 
Prel iminary response tes t s  of t h e  s t a t i c  t a n g e n t i a l  chamber showed 
t h a t  the  f i r s t  t h r e e  t a n g e n t i a l  modes and the  f i r s t  two r a d i a l  modes 
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could be excited. The first tangential mode corresponded to a frequency
of 1572 Hz with a maximum amplitude of 165 db, well above the linear
acoustic regime. The response characteristics of the chamber were good;
i.e., no distortion of the standing wave pattern was observed on an
oscilloscope used to monitor the output of a microphone, mounted through
the Plexiglas endplate 1/2 in. from the outer cha_er wall, as the plate
and microphone were rotated 360 deg around the chamber.
The cha_er simulator was modified to determine if transverse modes
could be excited by locating the sound source near the outer edge of the
endplate. (See figure IV-2.) The first five tangential modes were
excited with maximum sound levels of 170, 172, 166, 161, and 160 db, re-
spectively. Radial modes could not be detected within the cha_er. The
coupling device between the speakers and the chamber appeared to be better
for this configuration because higher sound levels were reached with one
sound source as compared to the first configuration which required two
sound sources to reach an even lower level at the tangential modes.
Another advantage of the second configuration is that the entire tangen-
tial standing wave could be rotated in the cha_er by rotating the end-
plate in which the sound source is mounted. This enables the test sec-
tion to be positioned at any point within the tangential wave, a distinct
advantage over the first configuration which maintained a fixed relation-
ship between one point on the standing wave and the test section.
Sound Source _ 1
Absorbing Liner Rot_a_e End Plate-_ i
WestSection __
Microphone End Plate Y _
n
I
Figure IV-2. Modified Cha_er Simulator FD 31419
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A third configuration was tested in which the sound source was
located in the center of the Plexiglas endplate. It was found that with
this configuration radial modes could be easily generated but no tangen-
tial modes could be detected.
It was decided to use the first configuration for additional investi-
gation of transverse modes because either tangential or radial standing
waves could be generated within the test chamber. Additional studies
were made to better understand the characteristics of the first tangen-
tial mode because it is primarily the type of instability encountered
in rocket chambers and also because it is believed to be the source of
obliquely incident waves.
An experiment was conducted in which a I/4-in. Br]el & Kjaer condenser
microphone was mounted flush with internal side of a Plexiglas endplate
at a radius of 2.25 in. The plate was rotated in steps of I0 deg until
the microphone made one full revolution around the chamber; at each
step the rms sound pressure was recorded. Figure IV-3 shows that, as
expected, the standing first tangential wave follows a sinusoidal pattern
represented by P = A sin _ where A is the peak amplitude at 90 and 270 deg
which corresponded to the center of the two sound source discharge ports.
1.0
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360
Figure IV-3. First Tangential Pressure Profile FD 31379A
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The results of this testing can be used to determine the location and
minimum number of pressure transducers necessary to measure the peak
amplitude in a thrust chamber with a standing first tangential mode of
instability. If only one transducer were used and if it were located
so that a nodal point of the first tangential mode occurred at the same
point, the instability would not be detected. To determine the minimum
number of transducers and the locations that are needed to detect the
maximum amplitude of the first tangential mode of instability, two pres-
sure transducers located 90 deg apart can be used to provide data to
calculate the peak pressure amplitude. The proof is as follows.
The equations PX = A sin _ and Py = A sin (4 + 90 deg) = cos (_)repre-
sent the two measured pressures at any position on the circumference of
the chamber wall where PX and Py are 90 deg apart and A is the peak
amplitude. Squaring both equations and adding gives
px 2 + py2 = A 2 (sin 2 _ +c°s 2 _) = A 2
Solving for A gives
A = _Px 2 + ey2 (IV-I)
Therefore, the peak amplitude of the first transverse mode is easily
determined by measuring the pressure at two points in the same cross
section, 90 deg apart on the chamber walls. The results of this experi-
ment can also be used to show that if the acoustical characteristics of
an absorbing liner are to be measured, the minimum number of transducer
pairs (one in the chamber wall and one in the liner cavity) is equal to
one plus the mode number of the expected tangential instability.
To determine relationship between obliquely incident sound waves and
the acoustic characteristics of a resonator configuration, each of the 5
resonator assemblies described in table IV-I were installed in the absorb-
ing liner test section (see figure IV-l) of the chamber simulator. The
facing sample for each resonator had a curved surface with the same radius
as the outer wall of the chamber. (See figure IV-4.) The backing cavity
was formed by using Teflon spacer plates that conformed to the contour
of the sample when the curved backing wall was secured to the assembly.
(See figure IV-5.) In figure IV-5 the back of the liner sample and the
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cavity space with the condenser microphones installed can be seen (a 
Plexiglas backing wall was used in t h i s  assezbly fnr illustration 
purposes). 
Table IV-1 .  Resonator Configurations Used in Chamber 
Simulator Impedance Experiments 
Resonator Open Area Sample Cavity Aperture Flow 
Sample Ratio, Thickness, Backing Depth, Diameter, Coefficient 
N o .  % in. in. in. 
1 1.4 0.10 0.3 0.052 0.83 
2 3.2 0.10 0.5 0.052 0.78 
3 4.7 0.10 0.6 0.052 0.83 
4 7.0 0.10 0.5 0.052 0.78 
5 9.4 0.10 0.6 0.052 0.78 
r Microphone 
Sound Source 
Sensing Element 
Liner Face Plate 
Sound Source 
Discharge Port 
FE 79728 
Figure IV-4. Instrumented Chamber Simulator FD 31996 
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PE 79727 
Figure I V - 5 .  I l l u s t r a t i o n  of Resonator Cavi ty  FD 31423 
And Instrumentat ion 
Data f o r  determining a c o u s t i c  p rope r t i e s  of each r e sona to r  conf i  u r a -  
t i o n  w a s  obtained a t  a frequency of 1572 Hz, which corresponded t o  the 
f i r s t  t a n g e n t i a l  mode of t h e  chamber, over a range of sound pressures  
from 135 t o  165 db. The d a t a  obtained cons is ted  of the  measurement of 
the  sound pressures  i n  the  chamber a t  t he  f ace  of t h e  l i n e r  sample and 
i n  the  resonator  c a v i t y ,  and the  phase ang le  between these  two p res su re  
waves. 
C. ANALYSIS OF DATA 
To determine the  a c o u s t i c  c h a r a c t e r i s t i c s  of each r e sona to r  assembly 
the  equat ions  der ived  i n  Appendix B were used t o  determine the components 
of impedance, absorp t ion  c o e f f i c i e n t ,  and o r i f i c e  p a r t i c l e  v e l o c i t i e s  
from the  pressure-phase da t a .  
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i. Acoustic Resistance Data
The results of the high frequency experiments (see Section III) were
used to develop an empirical correlation relating acoustic resistance
with orifice particle velocity. The data used in that analysis was ob-
tained from one-dimensional normally reacting surfaces with normal incident
sound waves. To determine if a cylindrical surface with obliquely inci-
dent sound waves is characterized by the same relationship a similar analy-
sis was performed with data obtained from the chamber simulator.
In the analysis of the simulator data the open area ratio (_) of the
sample resonators was defined as
A2L
_ (IV-2)
V
C
where A2 is the total area of the apertures, and L and V c are the length
and volume, respectively, of the backing cavity. This equation must be
used in place of the usual definition of _ because the cavity is wedge
shaped causing the cross-sectional area to vary across the entire length
of the cavity. (In the longitudinal test apparatus the cross-sectional
area of the cavity (Ac) is constant , thus the volume can be defined as
V = A L (IV-B)
C C
which when used in equation (IV-2) gives
A 2
_ (iv-4)
A
C
the usual definition of _.) Equation(IV-_does not apply to the volume
of the resonator cavity in the cylindrical chamber, thus, equation (IV-2)
must be used to calculate the open area ratio.
Correlation of the acoustic resistance (R) data with the flow coefficient
(Cf) was made using the function obtained from the high frequency analysis,
i.e._
K2 Pu
R = (iv-5)
(Cf) 2
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Equation (IV-5) was used to calculate the values of K 2 for all data taken
in the tangential tests where the particle velocities were in the non-
linear regime, i.e., greater than 60 ft/sec. A comparison of the results
with those of the high frequency analysis are shown in figure IV-6. It
is worthy of note that the same average value of K2, 0.37, was obtained
for both flat and cylindrical surfaces. It is therefore concluded that
the nonlinear acoustic resistance for both cases can be represented by
the expression
R = 0.37Pu(Cf) -2 (IV-6)
1.0
0.8
0.6
II
00 2
I I I
Legend:
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!
Bars Indicate Range of Data
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12 14
Figure IV-6. Comparison of Resistance
Coefficient for Normal and
Tangential Incidence
FD 31418
2. Acoustic Reactance Data
Comparison of the effective aperture length data from the static
simulator experiments with the theory derived from the high-frequency
experiments were made. Results mre shown in figure IV-7 where the
effective length data from the latter experiments have been included.
With the exception of the data from one resonator sample (_= 3.2%) the
scatter in the data is seen to fall within the range of the high-frequency
data. It is not known why the data from the single sample fall lower than
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those of the other samples; however, it is evident that there are no
essential differences in the effective length from either the cylindrical
or flat facing samples.
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(_ 5.65 0.09 0.094
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Figure IV-7. Comparison of Effective Length
Data With Theory
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D. CONCLUSIONS AND RECOMMENDATIONS
Results of the chamber simulator experiments show that both one-
dimensional and cylindrical liner surfaces are characterized by an
identical relationship between the acoustic resistance and particle
velocity. In the relationship developed with flat sampIes the particle
velocity was normal to the liner surface, therefore it is only reason-
able that the particle velocity is also normal to the surface of a cylin-
drical liner. Since the ratio of the driving pressure to the particle
velocity normal to a surface is defined as the normal specific acoustic
impedance then a cylindrical liner with a partitioned cavity having
oblique incident sound waves has the same acoustic characteristics as a
normally reacting surface.
From the results of the chamber simulator experiments it is concluded
that either cylindrical or longitudinal impedance tubes can be used to pro-
vide data for the development of empirical correlations to be used in the
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design of partitioned absorbing liners for rocket chambers. Absorbing
liners used in rocket chambers are often unpartitioned and designed to
give maximum absorption at frequencies near that of the first tangential
mode. As shown in the preliminary experiments the first tangential mode
forms a pressure profile around the chamber wall in the form of a sine
wave with resulting severe pressure gradients around the liner facing.
In equations used to determine the absorption coefficient of the liner,
the impedance of the common backing cavity is based on a theory that
assumes a uniform pressure distribution across the liner backing cavity.
Analytical attempts have not been successful in developing an expression
to describe the pressure distribution and impedance of an unpartitioned
cavity with a pressure gradient across the liner surface.
It is recommended that additional research be conducted in an attempt
to improve the absorbing liner design theory for unpartitioned liners.
Until the theory can be improved it will be necessary to assume that the
impedance of an unpartitioned cavity having a pressure gradient across
it has the same acoustic characteristics as one which has a uniform
pressure distribution.
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SECTION V
,_ A OTI TTT _ _tT_T A_
•_o_ -_ - oiLvlu,_Ium EXPERIMENTS
Absorbing liners used in rocket engines always have gases flowing past,
and, under some circumstances, a simultaneous flow of gases will occur in
which the gases flow through, as well as past, the liner aDertures. Previous
experiments relating the effects of flow have shown wide differences in
results. This is seen in the case of a recent publication by Ingard and
Ising (Reference 3) in which the effects on the acoustic resistance due to
flow through (no flow past) a single orifice were determined with the use
of a hot-wire annemometer. A significant difference was found to exist
between these results and those previously determined (Reference 2) by
use of an AST_type impedance tube in which an array of orifices was tested.
In the past, the effects on resistance of flow past the apertures of
flat facing samples could only be measured using modified ASTM-type impedance
tubes. With such an apparatus a complete resonator assembly could not be
used since a flow duct had to be installed in place of the resonator cavity.
Hence, the effects on the absorption coefficient and reactance components
could not be measured directly. The use of the pressure-phase impedance
measuring technique imposes no such limitations and, in addition, permits
the use of cylindrical test assemblies. It was originally planned to use
a cylindrical test chamber for the flow experiments. Tests made with the
static (no flow) chamber simulator (see Section IV) showed that a liner
with a cylindrical surface and partitioned cavity is a normally reacting
surface in which the effects of incidence angle are negligible. Therefore,
the real and imaginary parts of impedance can be measured in either a
cylindrical or longitudinal impedance apparatus so long as a uniform
pressure distribution is maintained across the liner surface. Thus, for
simplicity longitudinal impedance tubes were used in the flow experiments.
The objective of the flow experiments under Task III is to obtain,
using the pressure-phase technique, impedance data and absorption coef-
ficients with flow through (no flow past) the apertures and flow past
(no flow through) the apertures of absorbing liner assemblies. Where
possible, comparisons of the data with the existing empirical flow
correlations were to be made to verify and/or improve the existing theory.
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A. FLOW-THROUGH EXPERIMENTS
The static (no flow) high frequency impedance apparatus described in
Appendix B was modified for the flow-through (no flow-past) tests. (See
figure V-I.) In the experiment two samples having open area ratios of
3.94 and 10.8%, thickness of 0.i0 in., aperture diameter of 0.052 in.,
and backing cavity depth of 0.5 in. were used. In order to determine the
effects of net flow on the acoustic resistance each resonator assembly
was tested at a constant frequency near resonance (resistance greater than
reactance) and the average flow-through velocity was varied from near zero
to 325 ft/sec. The same tests were made at two different sound pressure
levels of 145 and 160 db. To determine the effects of flow through the
apertures on the absorption coefficient, each resonator assembly was
tested at a constant sound level of 160 db over a range of frequencies
from 500 to 4000 Hz while the flow-through velocities were held constant
at 136, 237, and 302 ft/sec.
Nitrogen
Supply
Kistler Pressure
Transducer
Apertures
Cavity
Sample
Impedance
Tube
Microphone
Figure V-l. Sketch of Test Section - Impedance
Measuring Device Used With Flow
Through Apertures
FD 29176A
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Results of the tests made at constant frequencies are shown in
figure V-2, in which the ratio of the acoustic resistance with flow to
that with no flow has been correlated with the average flow-through velocity
and compared with previous data obtained with the ASTM-type impedance
apparatus. The exact causes of the differences between the ASTM data
and the pressure-phase data are not known; however, they are believed
to be caused by several differences in the test procedures which are
explained as follows. In the probe tube type experiments, the sample
did not have a backing cavity, thus allowing the incident sound wave
to pass through the apertures and out the flow duct instead of inter-
acting in the cavity and reradiating back into the impedance tube as
in the pressure-phase experiments. In the ASTM-type experiments, a
probe tube was used to investigate the standing wave which is established
in the gaseous media having a net flow towards the sample. It is known
that this net flow can distort the standing wave pattern thus producing
error of unknown magnitude in the data results. Also, based on previous
experience with the probe tube investigations of the standing wave pattern,
it has been found that precise impedance data for such an experiment are
difficult to obtain. It does appear that the pressure-phase data is more
accurate, especially because, as shown by results of the high frequency
analysis in Section Ill, they are in good agreement with the hot-wire
experiments of Ingard and Ising (Reference 3).
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Figure V-2. Comparison of Data from the ASTM FD 31050 A
and the Pressure-Phase Experiments
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Investigations of the flow-through data was based upon the results
of the high frequency analysis, as explained in Section III,i.e., the
resistance is given by the empirical correlation
R = 0.37pu (V-l)
2
Cf
and also upon the results of Ingard and Ising (Ref. 3), which suggests that
for cases where the steady-flow through velocity (VT) is greater than the
particle velocity with no net flow then the resistance is given by
R = _pV T (V-2)
In equation (V-2) k is a proportionality constant that Ingard and Ising
found to have values between i and 1.5.
Combining equation (V-l) and (V-2) shows that the resistance can best
be represented by the equation
A (0.37)pV T
R = (V-3)
2
Cf
By letting T = 0.37k equation (V-3) becomes
rPV T
R --"
2
Cf
(V-4)
where T is an empirical constant that must be experimentally determined.
Using equation (V-4) in analyzing the data to determine the value of T ,
two cases were considered. One in which the steady flow-through velocity
was the average velocity (VT) and not corrected for the flow coefficient
RCf 2
f
1 PV T
and a second one in which the steady flow velocity was corrected for the
flow coefficient, i.e., the average velocity is divided by the flow
coefficient giving
3
RCf
T2 - pV T
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The results are shown in figure V-3 in which the constants (_i and T2)
have been correlated with the ratio of the steady flow-through velocity
to the peak velocity (UNF) amplitude with zero net flow. The results show
that when the net flow velocity is greater than the one-half of the peak
acoustic velocity with no net flow, a good approximation for both T1 and
T2 would be unity. In figure V-3, the correlation using T 2 is noted to
be better than TI, i.e., less scatter; therefore, it is concluded that
the effects of flow-through can best be represented by the following:
PV T
R =----_-- where VT > 0.5 UNF (V-5)
Cf
3
where VT is the average flow velocity and the term Cf is used to account
for the aperture edge effects on both the acoustic peak velocity and the
net flow velocity.
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The dimensionless resistance is defined as
e - R (v-6)
aPc
therefore, equation (V-5) may be written in the form
VT M T (V-7)
0 - Cf Rc-a Cf 3_ where MT > 0.5 MNF
In equation (V-7) M T is the Mach No. of the net flow through the apertures.
Equation (V-5) is seen to be independent of frequency. This means
that for a given net flow velocity greater than 0.5UNF , the resistance
of an acoustic liner is independent of frequency; confirmation follows.
The results of the constant flow-through experiments with variable
frequencies are shown in figure V-4 where the absorption coefficient
is correlated with frequency as a function of net flow velocity. In the
two cases for net velocities greater than 0.5 UNF, i.e., net velocities
of 237 and 302 ft/sec, almost no resonance effects are observed in the
absorption curves.
Referring to equation (B-10) in Appendix B, it is clear that if the
absorption coefficient is constant over a range of frequencies and if the
resistance is much greater than the reactance, as was the case for frequencies
greater than 1500 Hz, then the resistance must remain a constant value over
the same range of frequencies. Thus the results of the variable frequency
tests further substantiate the empirical correlation given in equation (V-5).
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It was observed that the effective length decreases with an increase
in the net flow-through velocity, however as shown in figure V-5 this
was only true for a sound pressure level of 145 db. For a sound pressure
level of 160 db which is of more interest for acoustic liner design
purposes, the effects of flow through the apertures on effective length,
and therefore acoustic reactance, were found to be negligible.
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Bo FLOW-PAST EXPERIMENTS
The cold flow apparatus shown in figure V-6 was fabricated for the
flow-past experiments. The apparatus, theoretically capable of producing
sound pressure levels in excess of 170 db at frequencies of i00 to 2000 Hz
for flows up to 400 fps consists of:
i. A Ling 94-B electropneumatic transducer
2. An expansion horn
3. A 2-in. dia standing wave tube
4. A circular absorbing liner test section
5. Two Atlantic Research pressure transducers
6. A tube extension
7. A reflection plate.
V-7
Pratt &Whitney Aircraft
PWA FR-3299
Ling EPT-94B
Electropneumatic_ Tube Extension --_
Transducer\ Atlantic Research \
\ Pressure Transducers _ \Absorbing Liner \",_ \ (
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Figure V-6. Flow-Past Apparatus FD 31411
Briefly, the operation of the apparatus is as follows: sound waves,
along with a metered supply of gaseous nitrogen, enter the tube through
the Ling transducer. The nitrogen gas flows through the tube section
parallel to the perforated face of the test section and exits through
a gap between the reflection plate and the end of the tube extension.
A pitot tube is located just upstream of the test section in order to
determine the velocity profile approaching the liner sample. The sound
waves moving down the tube are reflected at the end plate and a standing
wave is produced. The absorption characteristics of the test section are
then determined as explained in Appendix B by measuring the sound pressures
and phase angles with the pressure transducers.
Two cylindrical samples were tested, one with an open area ratio of
0.027 and an aperture diameter of 0.099 in.; and one with an open area
ratio of 0.021 and an aperture diameter of 0.050 in. Each sample was 0.030-in.
thick and had a backing cavity of 0.51 in. The tests were conducted at
a constant frequency near resonance to determine the effects of flow
on the acoustic resistance of each resonator configuration. The tests
were originally planned to be conducted using a full 360-deg test section
with a full annular backing cavity; however, severe distortion of the
pressure wave was found to exist in the cavity. In order to reduce this
effect, the cavity was partitioned and some of the apertures sealed off
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so that acoustical data were measured only in a 45-deg test section. A
tube extension, two tube diameters long, was also added to reduce the dis-
tortion effects caused by the flow being exhausted into the atmosphere.
The range of flow velocities tested was significantly restricted
because of the minimum and maximum operating pressure range allowable
with the Ling electropneumatic transducer. Flow-past velocities lower
than 80 ft/sec could not be achieved unless gaseous nitrogen was allowed
to bleed off upstream of the sample; however, this caused severe changes
in the standing wave pattern produced in the tube and the resulting
acoustic data could not be reproduced on successive tests. The upper
velocity range was limited to approximately 300 ft/sec by the flowrate
that could be obtained at the maximum transducer inlet pressure.
i. Acoustical Resistance Data
The results of the tests are shown in figures V-7 and V-8, in which
the ratio of the acoustic resistance with flow to that with no flow has
been correlated with the average flow-past velocity and with the average
Mach number.
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The following empirical equations were developed relating the change
in acoustic resistance with the average flow past:
0v = 0NF (i + 0.00167 V ) (V-8)P
0V = 8NF (i + 1.9 Mp) (V-9)
Figures V-7 and V-8 contain previous data obtained with the ASTM-type
impedance apparatus for the purposes of comparison. The data clearly shows
that the average flow past the sample has a much smaller effect on the
resistance than has been previously determined with the ASTM impedance
apparatus.
2. Acoustical Reactance Data
It has been shown in the past that the acoustic reactance for no flow
can be determined by the equation:
2_ _eff c
×NF = c _ f 2_Lf (V-10)
The term containing _eff is the inertance, and the term containing
L is the capacitance. To determine a correlation of reactance to velocity
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past only the inertance data need be used since the capacitance is an
exact term. Furthermore, only the effective aperture length need be
correlated with the flow-past, because it is the only part of the
inertance that is not exact. The results of this comparison are shown
in figure V-9. An empirical equation relating the effective aperture
length with flow velocity was found to be as follows:
(f ) (I - 0.00143v )eff V = _effNF n (V-If)
where
i_ ) = t +deff NF
If the media is other than air, equation (V-f1), written in terms of the
Mach number, should be used, i.e.,
_eff)v = _effNF (i - 1.65 Mp) (V-12)
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Figures V-10 and V-If show a comparison of the reactance data computed
using equation (V-f1) substituted for _eff of equation (V-10) and the
experimental reactance determined by the pressure phase data. A significant
amount of data scatter was found to exist with the maximum error being 23.2%.
It was concluded from the results that further experiments should be
conducted with samples or various thickness, open area, and aperture
to determine a more acceptable correlation.
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The exact causes of the differences between the earlier data and
the pressure-phase velocity data are not presently known; however, they
are believed to be due to the differences in the test procedures. The
earlier data were obtained with an ASTM-type impedance apparatus in
which the test sample was a flat plate and did not have a closed volume
backing cavity. (See figure V-12.) This allowed the incident sound
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wave to pass through the apertures of the sample and be carried out the
flow-duct instead of interacting in the cavity and reradiating back into
the impedance tube. Also, in the ASTM-type experiments a probe tube
was used to investigate the standing wave which is established in a
gaseous media flowing toward the sample. This flow toward the sample
can distort the standing wave pattern along the length of the tube.
Since the acoustic characteristics depend on the probe tube measuring
the pressure maximum and minimum and their distances from the sample,
the wave distortion can cause errors of unknown magnitude in the data.
_GN 2 Flow To Sound Source
_-- Flow Orifice
o Static Pressure Tap
Impedance Tube GN 2 Exhaust
Traversing --Mechanism
Pitot Tube
]1 GN2 Secondary _f
___ Flow Entrance _ -- Flow Duct
Flow Entrance
Figure V-12. Simultaneous Flow Apparatus FD 21980
It is recommended that further experiments should be conducted to
better define the effect of higher gas velocities on the acoustic char-
acteristic of a resonator. The experiments should be conducted with
flow of different density to determine if the flow effects are dependent
upon velocity or Mach No. and with samples of various thickness, open
area ratio, backing cavity depth, and aperture diameter.
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i. DEVELOPMENT OF DESIGN EQUATIONS
An absorbing liner may consist of a perforated cylindrical element
that is concentric to, and separated from, the combustion chamber
pressure shell by support rings. In principle, the liner is composed
of a parallel array of Helmholtz-type resonators that when properly
designed can absorb large amounts of energy. In the following para-
graphs the phenomenological correlation predicting the acoustic resis-
tance as a function of particle velocity is used to develop equations
for a new liner design technique. This technique produces the optimized
liner design for a given case of instability.
The specific impedance of a Helmholtz resonator (Reference 12) is
defined as:
Z = _g_ P1
pc -$ (A-l)
for an array of resonators equation (A-I) becomes
Z = -g- P1
pc alU (A-2)
where (Reference 2)
(FI - (A-3)
which is a correction for high open area ratios. The specific impedance
is made up of real and imaginary components in the following manner:
Z = (# + iX), (A-4)
Substituting equation (A-4) into equation (A-I) and solving for the
particle velocity, u, gives
L P1
#iPc ( e + iX)
(A-5)
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Using the phenomenological correlation for the acoustic resistance
(Section III)
0.37 P u
R - 2 (A-6)
Cf
and converting to specific acoustic resistance by use of the relationship
R
8= Glp----_ (A-7)
gives
0.37 u
8 - (A-8)
G 1 cCf 2
Substituting equation (A-5) into equation (A-8), squaring to eliminate
the imaginary term, and rearranging gives
P1
u4 + (2'7GI cCf 2 uX) 2 = \ 0.37p/ (A-9)
At resonance the reactance (X) is zero, therefore, equation (A-9) reduces
to
JPiCf2g
u = • (A-10)
o V 0.37p
It is important to note that the particle velocity at resonance is
independent of the liner configuration and depends only on the total
pressure; experimental results from the present program are in excellent
agreement with equation (A-10). (See figure A-I.)
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2. ABSORBING LINER CALCULATIONS
The following calculations illustrate a method that gives the
optimized liner design for an assumed level of absorption desired at
the frequency of instability. The gas properties and flow coefficient
assumed for this example are
P = 0.075 ibm/ft3
c = 1130 ft/sec
Cf = 0.78
It is assumed that the flow coefficient can be controlled when the
liner is fabricated. The peak combustion pressure oscillation amplitude
is assumed to be 159 db* (Reference 0.0002 microbar) occurring at a
frequency of 2000 Hz.
*A low sound pressure was assumed so that the resulting configuration
could be tested with the high frequency impedance measuring apparatus.
In normal application to rocket chambers this value would correspond
to a sound level of 180 to 190 decibels.
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No Flow or Flow Past CalculationsAo
i. Conditions at Resonance
The resonant frequency of the liner design is taken to be the fre-
quency at which the highest level of instability is expected to occur.
Assume the amount of absorption that is required at resonance to stabilize
combustion is 90%. It is believed that 50% absorption in a rocket chamber
is sufficient to suppress most instabilities to an acceptable level. If
higher absorption values (above 80%) are desired at sound levels greater
than 170 db, large open area ratios (25% or greater) are necessary which
are impractical for applications to rocket engines. If, however, the
liner is to be used under conditions where high open area ratios are
acceptable, then high absorption values can be assumed.
The absorption coefficient is defined as
a = 40 (A-11)
t8 + 1) 2 + X 2
For 90% absorption at resonance (X = 0) the required resistance can be
solved for
48
o
0.90 -
2
(eo+ 1)
8 2 2.44 6 +I =0
o o
6 = 1.92; 0.02*
o
With a steady flow (Mp) of gas past the liner it is necessary to
determine the resistance of the liner if no flow were present by using
the relationship developed in Section V, which describes the effects of
flow past on the resistance.
6NF = _Mp/(l + 1.9 Mp) (A-12)
*According to Reference (13), only values of 8-->1 should be used in this
type of design analysis; therefore, the lower value of eo should be
ignored.
A-4
Pratt &Whitney Aircraft
PWA FR-3299
where 0Mp is 0o, the resistance required for 90% absorption at resonance.
In the example calculations Mp = 0 then
0NF = 0Mp = 1.92
The particle velocity at resonance is given by equation (A-10)
u =_ PICf2g
o 0.37 P
where PI is 159 db (Reference 0.0002 microbar) or 53-1bf/ft 2
u = _ (53)(0"78)2(32"2)o (0.37) (0.075)
u = 191 ft/sec
o
Now the resistance and particle velocity at resonance are known and
the required open area ratio satisfying these values are obtained
from equation (A-8)
0.37 u
o
0 -
NF Cf 2 drlC
i -
0.37 u
o
Cf 2 c 0NF
(0.37) (191)
(0.78)2(1130) (1.92)
= 0.054
using equation (A-3) gives
0.054 -
2
1 -or
0.2 + 18.5_- I = 0
# = 0.054
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At this point it is necessary to assume a liner aperture diameter and
liner thickness:
d = 0.052 in.
t = O. I0 in.
Using the expression for the effective length (see Section V) with flow
past the liner gives
_eff =(I_+ i--_)(I - 1.6 Mp)
= 0.013 ft where for this case Mp = O.
(A-13)
Now the required backing distance of the liner cavity is calculated
from the equation for resonant frequency.
f c _/ _I
o - 2/r VL _eff
h
h
I ) 2 _i
C
2/rf
0
2(3.14) (2000) 0[013
(A-14)
L = 0.035 ft
L = 0.415 in.
This sets all liner parameters to give 90% absorption at 2000 Hz, with
no flow past the liner. A summary of the liner design shows
= 5.4%
L = 0.415 in.
d = 0.052 in.
t = 0.i0 in.
uo = 191 ft/sec
2. Nonresonant Conditions
It is necessary to investigate if this liner has sufficient absorp-
tion at frequencies other than that of resonance. The maximum particle
velocity occurs at resonance, therefore, a particle velocity which is
A-6
Pratt &Whitney Aircraft
PWA FR-3299
less than the value calculated at resonance can be chosen and used in
equation (A-9) to compute the reactance. This technique applies only
for particle velocities that are in the nonlinear range; i.e.,
60 ft/sec.
To determine the reactance, use equation (A-9) and substitute the
results of equation (A-10), giving
( 1_iCf 2cu 4u + 0.37 = Uo
Assume a particle velocity less than that at resonance
(A-15)
u = 180 ft/sec
Solving equation (A-15) for the specific reactance (X) gives
4 { 0.054 (0.78) 2 (1130) (180) _2 4
0.37 / X 2 = (19
(180) + \ i)
X = ±0.92
where the negative reactance corresponds to a frequency below resonance
and the positive value to a frequency above resonance. Using a definition
for specific reactance (Reference 2) the frequencies for the above values
are calculated
X- 2_ _eff f c i i (A-16)
c (_i 27 L f
( ) ( )+0.92 = 2 (3.14) 0.013 f _ 1130 !1130 0.054 2(3.14) (0.035) f
f = 1651 for X = -0.92
f = 2409 for X = +0.92
Now the resistance with a particle velocity of 180 ft/sec _ determined
from equation (A-8)
0.37 u
8-
2
ffl cCf
0.37(180)
(0.054)(1130) (0.78) 2
8=1.8
A-7
Pra_ &Whitney Aircra_
PWA FR-3299
The resistance is now corrected to account for the effects of flow past
the liner
0Mp = 0NF(i + 1.9 Mp)
eMp =eNF= 1.8 since Mp = 0
The absorption coefficient at both frequencies is determined from
equation (A-II)
48
= 2 X2(e + I) +
(A-17)
4  1;8)
2 2
(1.8 + 1) + (0.92)
= 0.83
= 83%
The absorption coefficient at frequencies farther from resonance is
determined by assuming increasingly smaller particle velocities below
the maximum value at resonance and repeating the process which follows
equation A-15.
The liner designed for the no flow case (Mp = 0) was tested with the
high frequency impedance apparatus so that a comparison of the design
results with the actual experimental results could be made. Figure A-2
shows the absorption coefficient versus frequency for the experimental
results compared with the new design theory and old theory which calcu-
lated the resistance by use of the nonlinear correction term. A com-
parison of the individual acoustic components are shown in table A-I
where the subscript E refers to the experimental results.
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Figure A-2. Comparison of Experimental Results FD 31185
With the New and Old Design Theories
Table A-I. Comparison of Design Theory With Experimental Results
f, u, Ue, 0 0E X XE a
Hz ft/sec ft/sec %
aE,
%
645 50 46 0.5 0.9 -7.3 -8.0 4 5
835 70 62 0.7 1.0 -5.2 -5.8 I0 I0
995 90 80 0.9 1.0 -4.0 -4.4 19 16
1135 ii0 99 I.i 1.2 -3.1 -3.4 29 29
1260 130 115 1.3 1.3 -2.5 -2.9 46 38
1401 150 135 1.5 1.6 -].9 -2.1 61 56
1561 170 151 1.7 1.7 -1.3 -1.6 76 68
1651 180 160 1.8 1.8 -0.9 -1.3 83 76
2000 191 179 1.9 1.9 0.0 -0.I 90 90
2409 180 173 1.8 1.8 0.9 0.7 83 86
2561 170 173 1.6 1.7 1.3 1.0 76 82
2856 150 150 1.5 1.4 1.9 1.6 61 67
3165 130 130 1.3 I.I 2.5 2.0 46 53
3525 ii0 113 I.i 0.9 3.1 2.4 29 37
4795 70 68 0.7 0.5 5.2 3.2 i0 16
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B. FLOW-THROUGH CALCULATIONS
For an example calculation assume a Mach number of net flow through
the apertures
MT = 0.i0
and use the same design requirements as used for the flow-past calculations.
i. Conditions at Resonance
In the flow-past calculations the particle velocity at resonance was
calculated to be
u = 191 ft/sec
o
For air the particle velocity Mach number is
M = 0.17
o
Before making additional calculations it is necessary that the following
condition (see Section V) be satisfied
MT > 0.5Mo (A-18)
if this condition is not met then the design calculations should be
made in the same manner as for the no-flow case. Using equation (A-18),
it is seen that for the sample calculation the above requirement is sat-
isfied
0.I > 0.5(0.17) = 0.085
The resistance at resonance was found as
0 = 1.92.
o
Now the resistance at resonance and the flow through Mach number are known
and the required open area ratio satisfying these values can be determined
from equation (V-7).
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_ O =
i =
M T
0 o Cf J
= 0.i
1.92(0.78)3
= 0.ii
Using equation (A-3) gives
= 0.109.
At this point it is necessary to assign a liner aperture diameter and liner
thickness
d = 0.052 in.
t = 0.i0 in.
The effective length is determined as
t d
_eff - 12 + _"
= 0.013 ft
Now the required backing distance of the liner cavity is calculated as in
equation (A-14)
L = 0.68 ft.
L = 0.82 in.
This sets all liner parameters to give 90% absorption at 2000 Hz with flow
through Mach number of 0.I. A summary of the liner design shows
= 10.9%
L = 0.82 in.
d = 0.052 in.
t = 0.i0 in.
M = 0.17
o
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2. Nonresonant Conditions
When condition A-18 is satisfied the resistance is determined by
equation (A-19) and since the flow through is assumed to be constant
then the resistance is constant over all frequencies (see Section V).
0 = 1.92.
The reactance is calculated from equation (A-16) by assuming a frequency
f = 1700 Hz
then X = - 0.32
The absorption coefficient is calculated from equation (A-II) and
4O
5=
(0 + 1) 2 + ×2
4(1.92)
(1.92 + 1)2 + (0.32) 2
= 0.83
= 83%
Since the resistance is constant it is seen from equation (A-II) that
the absorption coefficient is only effected by changes in reactance. To
determine the absorption coefficient over a band of frequencies it is
necessary to choose the frequencies, calculate the corresponding react-
ance and use equation (A-II) to determine the respective absorption coef-
ficients.
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This appendix is divided into four sections; in the first a de-
scription of the basic impedance measuring apparatus is given and the
necessary impedance relations are derived in the second. The error
analysis of the experiment appears in the third part, and a description
of the ancillary components follows.
i. BASIC APPARATUS
The pressure-phase impedance device is shown in figure 3-1. The
device consists of a square duct of fixed length and uniform cross sec-
tion, which unlike the ASTM impedance tube, can be made as short as
desired without imposing a frequency limit on the apparatus. At one end
of the duct, a source of sound waves is placed, and at the other end, the
specimen to be tested. An audio oscillator (signal generator) drives
the speakers causing plane waves to be transmitted longitudinally along
the tube.
When the longitudinal wave is incident on the sample at the end of
the tube part of its energy is reflected back up the tube in the form of
another pressure wave. The incident and reflected waves set up a
standing wave in the tube that has a maximum pressure amplitude at the
sample face, a small microphone mounted flush in the side wall of the
tube at the sample is used to measure the pressure.
The portion of the incident sound energy that is not reflected back
up the tube is transmitted through the apertures and into the resonator
cavity. The energy in the cavity, also in the form of sound pressure,
is measured with a second microphone located on the back wall of the
cavity. (See figure B-2.) The outputs of both microphones are fed
through a wave analyzer to a millivolt meter so that the pressure
amplitudes of the sound level in front of the sample and in the cavity
can be read. In addition, as shown in the schematic of figure A-3,
the outputs of both microphones are connected to a synchronous filter
and phase meter to determine the phase difference between the incident
and transmitted waves.
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2. DERIVIATION OF IMPEDANCE RELATIONS
A typical Helmholtz resonator at the end of a tube is shown in
figure B-4. Also shown are two microphones, one mounted in the side
wall to measure the sound pressure in front of the sample, PI' and one
on the rear wall to measure the sound pressure in the cavity, P2" With
the signals from both microphones the phase difference,_ , between the
two pressures can be determined.
-- L--------
! _"-FacingSampl_//////////////////A
__//////////////////_
Microphones --_
Figure B-4. Helmholtz Resonator in Impedance
Tube
FD 23080
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The total impedance of a resonator assembly is composed of two parts
Ztota I = Zplat e + Z . (B-I)alr cavity
If u is the oscillatory gas velocity amplitude in the apertures and p
and c are the density and sonic velocity, respectively of the test media,
is the ratio of the area of the apertures to the cross-sectional area
of the tube, by definition the impedance is the complex ratio of the
pressure difference and the particle velocity
gl - F2
(B-2)
Zplate - =Pcu
and also for a partitioned cavity
P2 i
Z - - (B-B)
air cavity =cup kL
Solving equation (B-2) for u, substituting into equation (B-3) and
solving for Zplat e gives:
Zplate -kL P_2 - i (B-4)
where k, the wave number, is defined as k = _/c.
Using a mathematical identity, the ratio of the complex pressures
can be expressed as:
_2 = e = cos • - i sin
Substituting the identity into equation (B-4)
Zplat e = _-_ sin _ - _-_ 1 - P_2 cos
Solving equation (B-l) for Ztota I gives:
Ztota I = _ sin _ - _ i - cos
i
+ k-_ (B-5)
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or
rp ] r i_> _ 1
Ztotal = k-_ sin _ + i cos (B-6)
The total impedance is a complex sum; the real part is the resistance,
@, and the imaginary part is the reactance, X. By inspection of equation
(A-6) it is evident that the resistance can be determined from
(B-7)
and the reactance from
- k-_ cos (B-8)
As shown in Reference 5, the normal incident sound pressure can be
obtained from
pi = P i + Z-_ = P i
(e + 1) 2 +_2
Additional acoustic parameters that can now be computed are:
(B-9)
Absorption coefficient
4_
(e + 1) 2 + ×2
(B-iO)
Nonlinear resistance correction factor
(t/d + I) (B-il)
where
a is the open area ratio of the facing,
u is the kinematic viscosity of the media and
is the angular frequency
In addition, the oscillatory flow velocity in apertures is computed
using equation (B-3)
u = kLP2/(apc) (B-12)
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and the aperture effective length is obtained by setting the inertance
of the sample (Reference 5) equal to the impedance of the plate
(equation B-4)
Zae 1_eff = 2_rf 2_fkL - i (B-13)
3. ERROR ANALYSIS OF TECHNIQUE
An error analysis of the pressure-phase angle method of determining
the acoustical properties of a liner was performed using the "method of
partial derivatives." (See Reference 9.) According to this method, the
error in a calculated value may be approximated as
F = k_IJ _Xl + gX2 + "'" _ _Xn
(B-14)
where F is the calculated function
X I X 2 ... X are the variables used in calculating the function
' ' n
_F _F _F
_X--_ ' _ ' "'" _--_- are the partial derivatives of the calculatedn
function with respect to the variables X I X 2 ... X
' ' n
aXl, dX2, ... dXn are the estimated errors in measurement of the
variables X1, X 2 ... X' n
and _F is the estimated error in the calculated function due to the
errors in the measurement of the variables XI, X 2 ... X .
' n
In using the pressure-phase angle method for determining the acous-
tical properties of a liner the following variables must be measured:
Sound pressure level in front of the liner
Sound pressure level in the cavity
Frequency of the sound pressure oscillations
Phase angle between these sound pressures
Gas properties of the system
Geometry of the system.
For this analysis, it was assumed that there was no error in measuring
the geometry of the system and that the gas properties contributed no
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error. Thus, only the two sound pressure levels and the phase angle
between them were considered in estimating errors.
It is believed that these are valid assumptions for impedance tube
testing or other experiments where the geometry and gas properties are
well known. For hot testing, an analysis should be carried out which
considers all of the variables because gas properties and even parts of
the geometry may not be well known.
The following calculated values were analyzed:
i. Gas particle velocity in the aperture, u
2. Resistance, R
3. Reactance, X
4. Impedance, Z
5. Absorption coefficient,
6. Incident Pressure, P..i
Each of these parameters were analyzed in the same fashion. An
equation for the parameter was written in terms of the variables listed
above, and then the appropriate partial derivatives were taken and
inserted in the general equation (B-14). The results are given below.
a. Gas Particle Velocity in the Aperture, u
_u = (0.i15 _db 2) u (B-I5)
where _u is the estimated error in u
and _db 2 is the estimated error in measurement of cavity SPL in db.
Thus, an error of 11.5% per db of error in measuring cavity SPL is
estimated. If an error of 0.5 db is estimated in cavity SPL measurement,
then the estimated error in u is 5.75%.
b. Resistance, R
_R _2 2-- (R/phase) + _ (R/SPL)
(B-16)
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where
dR is the estimated error in R
OtD1 , _ is the estimated error in R due to error in phase
_ nase)
ang_ measurement
_(R/SPL_ is the estimated error in R due to error in SPL
measurement;
and
d(R/phase) = [0.0174 (cot _)#_]R (B-18)
where
@is the phase angle
_is the estimated error in phase angle measurement
_dbl is the estimated error in measurement of SPL in front
of the liner
ddb 2 is the estimated error in measurement of cavity SPL.
The _(R/phase) is negligible except below i0 deg and above 170 deg.
(See figure B-5.) Between i0 deg and 170 deg, d R is approximately
equal to _R/SPL)' which for _db I = _db 2 = 0.5 yields an estimated
error of 8.1% in R.
c Reactance, X
aX = (X/SPL) + _ (X/Phase) (B-19)
where the terminology is the same as above for resistance
and
I _G2dbl 2 ) X(_(X/SPL) = 0.115 + _ db 2
_(X/phase) = [0.0174 (tan_)_ I X.
(B-20)
(B-21)
The error indicated here is similar to that given above for resistance,
except that the region of high error here is between 80 deg and i00 deg
because of the tan _ term. (See figure B-6).
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d. Impedance, Z
(oJo2 + O"db 2ffZ = .115 dbI (B-22)
where _Z (the estimated error in calculating Z (is 11.5% per unit value
of the radical. For _db I Odb 2 0.5, we get an estimated error of
8.1%.
B-9
Pratt & Whitney Aircraft
PWA FR-3299
AI . °
nusorpcion Coefficient,
o /z-i\ I2oo= 115 dbI 2]+ _ db 2 _ (B-23)
since Z is positive, _ (the estimated error in a) should always be less
than or equal to 11.5% per unit value of the radical. For _db I _db 2
0.5, the estimated error always is less than or equal to 8.1%.
f. Incident Pressure, P.
I
_2 2
_Pi = (Pi/dbl) + _ (P'i/z)
(B-24)
where
__ is the estimated error in P.
F i i
GfPi/dbI)_ _ _ is the estimated error in P. because of errors in
measuring sound pressure level in fro_t of the liner
is the estimated error in P due to errors in
_Pi_Z) . i
calculating Z
and
_(Pi/dbl)-- 0.115 _db I PI (B-25)
_Z
_(Pi/Z) - Z (Z + i) P'i (B-26)
Combining these equations we have
2 2
a db I + @ db 2
2 + 2
aP" = °'i15Piz dbl [Z (z + i)]
_d = gdb 2 = 0.5, we haveUsing bl
i [z 1 (B-27)
The second term under the radical is negligible when Z >i. So the
estimated error in P. is approximately 5.75% for Z>I. For 0.5<Z<I,i
the estimated error is less than 12.5%. For Z_0.5 the error increases
rapidly. (See figure B-7.)
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Z
loo
Z,
©
40
N 2o
r_
0
0 20 40 60 80
SPECIFIC IMPEDANCE, Z
Figure B-7. Estimated Error in Incident FD 29174
Sound Pressure as a Function
of Impedance
g. Conclusions
It can be concluded from this analysis that in impedance tube testing
or other cold flow experiments in which the gas properties and geometry
are well known, error in acquisition of data should not prevent good
calculated results if care is taken to assure that no large errors are
incurred in sound pressure or phase angle measurement. Exceptions are
given below. Large estimated errors occur when calculating
i. Resistance at phase angles of less than i0 deg or more
than 170 deg
2. Reactance at phase angles between 80 deg and i00 deg
3. Incident pressure when the calculated impedance is less
than 0.5.
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o ANCILLARY COMPONENTS
The ancillary components used with the apparatus are:
Component
Wave Analyzer
Audio Amplifier
Electronic Counter
Condenser Microphones
Dual-Channel Power Supplies
Component
Dual-Beam Oscilloscope
Vacuum Tube Voltmeter
Dual-Channel Synchronous Filter
Synchronous Converter
Digital Phase Computer
Precisions DC Voltmeter
Pistonphone
Sound Sources
Manufacturing and Model Number
General Radio - Model 1900-A
Harman Kardon - Model BA-150 Watt
Hewlett Packard - Model 521CR
M I & M 2 - Br_el & Kjaer - Model 4138,
plus UA 0036 adapter, also 2615
cathode follower
Bruel & Kjaer - Model 2803
Manufacturing and Model Number
Hewlett Packard - Model 132A
Hewlett Packard - Model 400DR
AD-YU Electronics - Model 1034
AD-YU Electronics - Model 1036
AD-YU Electronics - Model 524A3
Honeywell - Model DC-IIOBR, or
optional Digital Voltmeter.
Br_el & Kjaer - Model 4220 (for
microphone calibrations)
Atlas Sound Driver Unit - Model PD-60T
The function of each component is as follows:
I. The GRI900-A Wave Analyzer measures the output of the
microphones through an adjustable narrow (! 3, i0 or 50 Hz)
band-pass filter. The analyzer's tracking generator output
provides the driving signal.
2. The Counter and Vacuum Tube Voltmeter are used to monitor
the frequency and amplitude of the driving signal.
3. The Audio Amplifier boosts the power of the driving
signal to the level required.
4. The Audio Driver converts the electrical signal to sound.
5. The Condenser Microphones provide electrical signals
equivalent to sound pressure level.
6. The Microphone Power Supply provides the polarization
voltage to the microphones and contains an attenuator
for standardization and an emitter follower for isolation.
7. The Dual Beam Scope is used to monitor microphone outputs
for approximate level and phase and for distortion.
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The block diagram of the Type 1034 Dual-Channel Syncronous
Filter is shown in figure B-8. Since both channels are
identical, only channel i is shown and described.
The distorted, and/or noisy signal is amplified before
being applied to the balanced mixer circuitry through an
emitter-follower. The balanced mixer also receives
signals from an emitter-follower, the frequency of which
is the syncronized input (a 2.4 volt signal containing the
carrier frequency mixed with an audio frequency which is
the fundamental frequency of the distorted signal input.
Both input circuits contain emitter-followers in order to
provide high input impedances. The output of the balanced
mixes is fed to the crystal filter, from which only the
recovered carrier frequency (with amplitude proportional
to the fundamental component of the distorted signal
input, and with phase angle equal to that input) is
allowed to emerge. After two stages of amplification an
LC filter circuit is used to provide even greater purity
of the recovered carrier. One stage of the output ampli-
fier provides voltage amplification, while the other stage
provides three low impedance outputs; both "HI" and "LO"
outputs and a selectable D.C. metering circuit.
Synchronous I Emitter L
Input -] Follower I [__
Input- InputI 1
I Amplifier _
Balanced
Mixer
I Overload utput_
Indicator Metering
Circuit
DC 0
LO HI
AC
Outputs
Figure B-8. Block Diagram of One Channel of FD 29168
Model 1034 Dual-Channel Synchro-
nous Filter
Type 1036 Synchronous Converter is especially designed to
be used together with Type 1034 Dual-Channel Synchronous
Filter. Figure B-9 shows a block diagram of Type 1036.
(Ea is a synchronized audio signal. The output signal has
constant amplitude and frequency equa± to crystal frequency
plus input signal frequency.) The input amplifier provides
a high input impedance. The wideband 90-deg phase shifter
produces two signals, Ea and Ea + 90 ° . These two signals
have exactly 90-deg phase difference and equal amplitude.
The frequency equals that of the input audio signal, fa,
and changes as the frequency of the input signal changes.
The two balanced mixers produce E1 and E2, containing only
B-13
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the upper and lower sidebands of their inputs (suppressed
carrier). The crystal oscillator supplies signal, Ec, at
the exact center frequency of the crystal filters used in
Type 1034 Dual-Channel Synchronous Filter° The 90-deg
phase shifter generates two outputs, Ec and E c + 90° , with
equal amplitude. Since the amplitudes of E a and E a + 90-deg
are equal and their frequencies always follow the input
audio frequency, Wa, one can write two expressions for the
output of the balanced mixers, E1 and E2, as follows:
E 1 = kEa cE sin (Wc + Wa)t - sin (Wc - Wa ) t
E2 = kEaEc sin (Wc + Wa)t + sin (Wc - Wa ) t
The sum amplifier accepts E 1 and E 2 and produces its alge-
braic sum, E3, such as E 3 = E 1 + E 2 = 2kEaE c sin (Wc + W a) t.
The output amplifier provides low output impedance to
drive up to 40 channels of Type 1034 Synchronous Filter.
The voltmeter circuit can be switched by panel control to
read the amplitude of either the output signal or input
signal on the panel meter.
Audio _-_
Input _ Wide-Band _ Balance ' E1
Mixer_wc
90-deg I IE. _ 1_2 [Ampttnerl IAn_ptlnerISynchronous
_W---:d!g !E:, e I I (_ _,_ Outlxlt
Shifter I Voltmeter t I Input
Figure B-9. Block Diagram of Type 1036 Syn-
chronous Connecter
FD 29163
i0.
Ii.
The Type 524A Phase Meter provides a D.C. level output
proportional to the phase difference between it's inputs.
The Digital Voltmeter measures the phase meter output
and by means of an AC to DC converter can read the syn-
chronous filter's outputs as an additional measure of
sound pressure level.
B-14
Pratt & Whitney Aircraft
PWA FR-3299
APPENDIX C
FLOW COEFFICIENT EXPERIMENTS
In order to explain the high frequency test results, an experiment
was performed to determine if the hydraulic flow coefficient of the
sample orifices was related to the sample-to-sample differences in the
acoustic resistance and particle velocity data. The flow coefficient
(Cf) of each sample was calculated from the following equation (Ref-
erence ii).
where
(c- l)
w = mass flowrate
A 2 = orifice flow area
YI = expansion factor accounting for effects of compressive flow
g = gravitational constant
Pl = upstream fluid density
_p = pressure differential across the orifice
= ratio of upstream to orifice diameters.
A flow rig (figure C-l) was fabricated for the experiment. The rig
consisted of a plenum chamber supplied with a metered quantity of nitrogen
which was allowed to vent through the sample apertures. A static pres-
sure tap was located upstream of the sample. A spacer plate which formed
the cavity side walls in the high frequency tests was installed down-
stream of the sample to simulate any wall effects on the flow exhausting
from the apertures.
Flow / Sample
Orifice ---_ _ Static Pressure Tap ---_ _ f-- Facing
//////////_DI//////I Y////A
Gaseous Nitrogen
FigureC-i. Apparatus for Measuring Resonator FD 29164
Facing Flow Coefficient
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The following procedure was used in evaluating the flow coefficient
by use of equation C-I. The mass flowrate was determined by use of a
calibrated flowmeter. The orifice flow area, A2, was taken to be that
of a single orifice having the same area as the total area of all the
small apertures in the sample. The expansion factor was calculated
from the following equation (Reference ii).
where
r 2/? [1 -
YI =_ I - r
r = P2/PI
(C -2)
is the ratio of the upstream static pressure to the downstream ambient
pressure. By measuring the static pressure upstream of the sample in
the plenum chamber the pressure differential across the orifice was
known. The diameter ratio, _ , was calculated as the ratio of the
upstream diameter, DI, to the effective diameter of the sample apertures
where effective diameter was calculated as the diameter of a single
orifice of area A 2. Sufficient flow was supplied to the sample apertures
to produce velocities of the same magnitude as the peak velocities
obtained in the high frequency tests. A list of the flow coefficient
and the velocity range over which they were measured appears in the
table below.
Minimum
t Velocity
in. ft/sec
1.5 0.i0 433
3.0 0. i0 447
3.95 0.09 443
5.65 0.09 334
6.95 0. I0 284
8.00 0. i0 293
8.85 0.i0 242
10.8 0.I0 301
13.0 0.i0 276
5.4 0.05 363
5.4 0. i0 356
5.4 0.15 340
5.4 0.20 311
5.4 0.25 337
Flow Maximum Flow Average Flow
Coefficient Velocity Coefficient Coefficient
ft/sec
0.68 447 0.70 0.69
0.76 493 0.71 0.73
0.86 519 0.86 0.86
0.86 456 0.84 0.85
0.67 349 0.67 0.67
0.68 384 0.68 0.68
0.61 325 0.60 0.61
0.93 348 0.91 0.92
0.85 290 0.81 0.83
0.70 430 0.66 0.68
0.78 424 0.78 0.78
0.71 410 0.71 0.71
0.60 381 0.64 0.62
0.68 405 0.69 0.69
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Acoustic data obtained under the present program are listed in the
following tables. For simplicity, the IBM printouts from the data re-
duction deck are used.
A brief title describing the type of data precedes each individual
listing. Next the properties of the gaseous medium and the dimensions
of the resonator assembly that are input into the deck are listed. The
following list identifies each header.
DEN Density (Cavity Gas), ibm/ft 3
SONIC Sonic Velocity (Cavity Gas), ft/sec
VIS Dynamic Viscosity (Cavity Gas), Ibm/ft/sec
CF Flow Coefficient
SIG Open Area Ratio
XL Cavity Backing Distance, in.
T Liner Thickness (aperture length), in.
D Aperture Diameter, in.
Then a listing of the experimental data and results follows:
Data FREQ
PAl
PA2
PHASE
Results INERT
REACT
RESIS
IMPED
ABS OR
SPL
Frequency, Hz
Chamber Pressure Amplitude RMS, Ibf/in_
Cavity Pressure Amplitude RMS, Ibf/in_
Phase Angle, deg
Specific Acoustic Inertance
Specific Acoustic Reactance
Specific Acoustic Resistance
Specific Acoustic Impedance
Absorption Coefficient
Incident Pressure Amplitude, db
D-I
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DNLD
UORF
LEFF
K2RES
DNLDK
VELTH
VELPT
Nonlinear Correction Term
Particle Velocity in Apertures, ft/sec
Effective Length of Aperture, in.
K2 Resistance Proportionality Coefficient =
RESIS ffcC_/UORF
Comparison of Nonlinear Correction Term with
Sirignano Theory
Velocity of Steady Flow-Through the Aperture, ft/sec
Velocity of Steady-Flow Past the Apertures, ft/sec
D-2
Pratt & Whitney Aircraft
PWA FR-3299
(3
F-4
U3
>4
o
z
cy
2:
_-4
Z
O
Of
M
I,L
Z
0
U
0
l--
Z
0
0c"
I"-
O .,I"
0
e
C
0
_" 0
g
0
.J C
x
g
L,'}-
0
e
0
',D
LL
0
'4
C.,
I
U') C
g
U O
_ g
O _'_
r-4
O
Z _r_
0
.,,f
J
Z_
v3
LL
J
,D
i.)
J
d
o
t,-
t_
U
i.-
r_
C,.
,-'4 _4 -"4
eeeeo
eeoee
OOOOO
_OCO
rw _C -._ t-- ..T
,'-'4,'-4
_0_
_o_
:rJ CD ,-4
-,T ,.D O" ,-'4 (v_
_.4 ,-..t ,--4 ¢'_ ('_
,-.4 ,.-4 ,-.4 ,-_ ,-4
_+
eeeeo
COOCO
_0
_0_
_0_
ooooe
C_
CCCGC
OOOOO
(_C C CCC) C, ("_.0
2Jg_g
_goo CO
eooeeee••oo
eooee•••••o
OOOOOOOOOOO
OOOOOOOOOOOOOO
oo•=eeooeoetee
•o••••@@•ee•ee
00000000000000
_®__-_oz
• ••ee ee
• •• ee • •e
_CO00_O0_
gggg_JgggggggZ
• e•e•e • ee •
goo_g_oooogoog
o{) _oOo OO
D-3
Pratt & Whitney Pli rcraft
PWA FR-3299
0
J
X
0
M
If)
I_ $1-
U
Z
Z
0
l-
e_ 11)
e.4
I,
Z
0
U
0
Z Z
0 0
0
i
0
0
0
0
g
0
0
0
0
0
0
0
g
0
I
la.i
o
D
IN
0
0
0_____
ooooooeooooeoooooooo
Z
a
ul
hi
n_
__%%_'%_'%%%. .. •
_000000000_000000000
__0__00_
ooooeoeooooooooeooeo
00000000000000000000
J
_0__0__0_
oooooooooooooooooooo
___N__O_
J oo_eoooooooooooeooeo
0_
J _0_
_0
0 __
0
I_ I_
0
o
__O_O_N
_O_CO___
___O__
O0000O_N__O_
0___0__0
_0_
o_oo_
ee
00000
CCCO0
00000
_;gg=;g
00000
_g_gg
_O__8_OhNNNN
__oo__._
OOO000000000000
g_g_g_ggggg_
O000_OOO0000000
D,-4
ZZ
0
Iv
t9
n,
Z
0
U
0
I-
Z
0
_n
n-
N
0
0
0
0
&
0
J 0
X u_
tD
u-
U
M
>
U
Z
0
Z
_' 000 -_ 0 ,-0,-q 0 _
_J ,-0 ,-G .-q _0 ,-_ r4 i-_ ,-q 0
Z
O"
0
_T
_D
0
,,1"
0
I
bu
0
0
N
0
0
p-
0
0
ooooooooo
OOOOOOOOO
1._ ,..4 ,..4 ,.4 q_) O_ f.,_ ,-4 ,.,4
u._ ,.-4 ,-4 ,-4 ,.4 ,,..4 ,-4 ,-.e ,-4 e-4
IJ_ • • • • • • • • •
I_ 000000000
J
_0_0
eoooooooo
_0__
_0_0_
_O_N
eoeeooooo
0 __0_
ooooooooo
000000000
_0__
ooooooooo
I/) I"- ('_ _, O !"- ee'o e_ N q_ ,
I.iJ • • • • • • • • •
I_ O ,,"4 ,"4 -'4 -"4 IN IPlJ e'_ ",_1"
U _D_OU_ _'I_
o__o
I'_ _'0_ I'_ _D _ _ I_
0 _-0 ,-_ "_ _ _ _" ._
oooooooo_
0 0 0 _._ ,,.'_ I_ .lt Ib- 0
000000000
00o000000
D-5
Pratt & Whitney I=1ircraft
I_A FR-3299
Pratt &Whitney Aircraft
PWA FR-3299
N
O
O
O
I,- O
g
O
J O
X
g
0
,"* 4"
u_ a_
0
0
0
U _
Z
Z
_0 4"
0
8-- I
9{ h,
_" Ul 0
:3 _ 0
tM
la. ."4
Zo g
U
n-
O
I-- U 0
_ _ °Z _
0 0 _
_ ,,..4
0
Z _r_
I_ I _
t._ 0
O
0 ooeooooooooooo
Z
0
eeoooooooooooo
_000000000000
N
ooooo
ooooo
00000
,,-4
Q.
oooooooeoleooeooeoe
0000000000000000000
J
ooeoooooooooooooooo
j ooooooooooooooeoooo
_0__0__
ooooooeeoooooeooooo
ooeoeoeeoeooooooooo
0000000000000000000
O_O0_N___
___0__
oooooooeoooeooee$oo
O00000000000_N_
N
ooooooooeooeoo
O00000000CO00_
__0_0_0_
ooooooooooeooo
0000oo000ooooo
0_
ooooo
_00_
ooooo
0_000
Z ooeeooeeoeoeeoooooe
OOOOOOOOOOIIOt ooeeo
O_e_
O00CO0000OOOO00CO00
0000000000000_
oeooooeoeoeeoe
O0000000000GO0
00000000000000
o g_gggg_g_ggggg
ooo=oooooooooo
= oooooooooooooo
D-6
_O
ooooo
O_OO_
000o0
g_ggg
CO000
OCCO0
£3
I--
.J
X
L9
r_
Z
r*" 000000000
N
N tM t_l e_ CM ,-4 P-I ,-i ,-_
i_. e...4 e-4 r..._ ,-4 e...i r4 _...4 ,...4 ,...4
Ia. • • • • • • • • •
l.l.I O000QO000
J
3 ,0 _ 0 ,,t l"- ,-_ P- un _0
O GO O 4" ._ ,,t P'- .,lr ,_
J • • • • • • • • •
_0__0_
J __0_
eeeeeeoee
"4"
• 0
o i;I
o
c bJ
=E
0
0
IZ
0
I.-
0 ","
U _ Z
; o
_-- ! T
_ 1%1
0 1:3 n
U
n-
O
0
_ C
0
Z
13
_&44444_
oeeeeeooe
O00_N_
__0_
_00000_
CO0000000
Ill
oeeeeeeeo
ooeooooee
0000000_0
000000000
C;GOOOOOOO
D-7
Pratt & Whitney Aircraft
£_A FR-3299
Pratt &Whitney Aircraft
PWA FR-3299
N
O
O
O
I-- O
g
0
J 0
X iI_
g
_,_ u_
_ e
0
o
0
_ o
Z
Z
0 4"
0
O-- I
a: _8) Q
_ o
z
U
0
I,- U O
z z _
0 0 f_
0
Z
0
__ .......
a ooooooeo ooo
Z
0
oooooooo eli
00000000 000
oooeooeo ooe
W 00000000 000
J
ooooooeo ooo
__ _O
j oooooooo leo
Z _O_O_ _
__0_ _0
J __ _
oeoooooo ooo
0 N__ _
oooooooo eel
00000000 000
__ 0_
oooooeoo eel
OOO__ _
oooeeooo eee
000__ _
__OOO OOO
oooooooo oeo
0000000o 0oo
III
__00 00_
_NO00_ _
oooooeoo oee
O0000000 000
000__ _
ooooooo_ ooo
O00000GO 000
O OOOOOOOO OOO
OOOOOOOO OOO
D-8
Pratt & Whitney Ai rcraft
PWA FR-3299
Z
Z
O
M
t_
U_
O
U
O
O
_O
O
O
O
O
t.- O
,,-4
g
O
_II O
X
g
L_
ff'l
0 oooooooeooeoooooeo
Z
0
7.ggggggggggggggggg
N
oeooBeoeooooooooQo
W OOOOOOOOOOOOOOOOOO
__0_0__
__00___
_0 _00_ 0_0_ _
gggogggogg
_0_
__0_
gggggggg
gggggggggggggg_
_0___0_ _
W eeoooeoooooeoolooo
0 U
o _
8--
g
0
bu
u_ 0
0
> _'_
tJ 0
O _ n
0
• h.
0
Z
1o
__00__0_ _
0_00__0__
gggg_gggggggg_gg_
gSgggSSggggggSg_gg
OO OO
ggggg_g_g_ggggggg
O000000000000CO_O0
g_ggggg_ggg_ggg
ggoooo_ooo_ooo_oo
D-9
Pratt & Whitney Aircraft
PWA FR-3299
Z
Z
O
M
r,,
L_
b.
Z
O
O
Z
O
a
O
O
O
11-- O
"O
--I O
X
g
O
I'-
It. 0
U
0
0
!
_J
In 0
0-. 0
U O
Z
0 r_
0
Z
0
0
J
Z
0
__0__
oeooeeeoooo
oeoooooeeeo
O0000OO0000
N
oeoeooooooo
W O0000000000
_O__O
ooooeoooooe
__0__
0 N__O_
J oooooooeooo
0_0__
oooooooooeo
eooeoeeeoee
O00000000OO
ooeeeoooooo
00000__ _
ooeoeooooeo
O000O__
00000000000
g_gg_gg_ggg
I
0__0_
Z eooooooeooo
_0_0_
ggggggggggg
_gggggg_ggg
00000000000
D'!O
Pratt &Whitney Aircraft
PWA FR-3299
O
I--
N
O
O
O
O
g
ooooooeeeoooeeoo
LLJ • • • • • • • • • • • • • • • •
n_" ."4_-4 ,-4 0 0 0 0 0 0 0 0 0 O 0 C:' £)
eoooeeleooeeeeeo
W 0000000000000000
J
oooooooeooeeooee
ooooooeoeoeeeoee
oeeeooeeeooeoeoo
oooooooeeeeloleo
OOOOOOOOOOOOOOCO
oeeoeeeooeeeeeoe
O000000000CO00CO
M
Z
C_
M
t""
25
O
_f
0
I.--
27
0
_0
J
X
M
uO
U
M
>
U
Z
0
L_
0
0
g
o
0
o
,"4
C
0
I
0
o
c,,,
g
0
0
0
0
N g_ggggggggg_g_g
!
• eee eeee
• • • • • • • • • • • • • •
..-e .-4 _ ..4 _-4 ,,-_ .-4 .-4 ,-.4 r4 _
,'("g gog og g o _"_"g g J ("
O0000000CD O.O0000C
" -t -.It
D-II
Pratt &Whitney Aircraft
PWA FR-3299
O
e4
;f
O
l-
*v
o..
b.
7
O
U
rw
O
I-
<
Z
0
bJ
tY
J
X
L.5
M
o,O
i,
U
...J
Z
0
Ul
rat
t_6
U.
n,
n*t
.J
t,
n,.
0
CI
J
Z
CI
J
N
QI_
@ otn
,5-
4[
_N__O_O00000000
oeeeooeoeoeoeeoeeeeoo
_00000_000000000000
oeoeoo
000000
o_oeeeoeoeooooo
0_000000000000
__0
oooeoo o_eo _e e 8 • • • e • • •
_O_Om
ooooo•
O_N_O__
e_oeooeeeeoooe
0_0____
____0_
oeooooeoeooeeeoeooooo
00000000_000000000000
0
0 _ _ v_'_ _¢_
_ ggg
0
0 _t)
0 _'-
0
_'_ ,_
I,.-
W
gggggggggggggggggg
___0_0_0_
_ggg_gg_ggggggg_gggg
_0_0_0_00_
000000000000___
oooooooeooooooeeeeeoo
000000000000000000000
lillillllllillllilli8
_____0_0_
000___0__
_0_0_
0
0
C OC
•-. G c c o.o.z _t _. o_.o o.0
I0 ,-4 Oc) oo ¢)0
0
#,.. m._
0 _"
• I.k.
0
Z
eoeOooeoeoeeooo
g_ggggggggggggg
ooo_oo_o__. ...
000000000000000
000000000000000000000
•ooooeoooeooeeoooooo•
O000CO000000000000000
000000000000000000000
D-12
Pratt & Whitney I:lircraft
PWA FR-3299
Z
O
M
n-
LO
M
u_
Z
O
U
O_
O
Z
O
uJ
Of
c% _rt
O
O
0
I-. i,_
0
0
0
J 0
X _'_
g
_NN_¢_ ___0_
eellooeee eeoeolooeoeooooee
Z
W ooeoeooeo ooooloooeeoleoooe
000000000 00000000000000000
_0000000 _000000000000000
ooooeoolo eoooooooolooooooo
W 000000000 00000000000000000
J
eoeeooeeo eooeeo_eoeeeeeeee
0 __00_ _0__0_00_
j oooeoeooo eoeooooeeooeeoooo
< ggggggggg ggggg ggggg_ggggg
o_.:-_®_o_
o o
_ _000000 __ _ __
0 _ oooooooee ooooeleoooeoooooe
• _ 000000000 00_0000-_4_
0 IIIIII
go.eel
000000000
_gggggggg
I,-
i, I'- i,,
U ,0 Z
0
&,u
0
I T
_ n
U 0
2:
0
_ C
0 n,
• t,
0
_o_oooo_
• oeoe
_oooooo_gOOOOOO
__C)___ _
I!1111 II ! I
O0060000000(_OOOOO
_ooooo_oo_o_oo
ggZJgggZ_ggJ_JJ_J
D-13
Pratt & Whitney Pli rc raft
PWA FR-3299
Z
Z
O
b.
Z
O
U
O
Z
O
o,
N
0
0
0
0
,-4
g
0
J 0
X ,."%
0
P-_ 41"
0
0
0
U I_-
g
.It
o
!
LU
U_ 0
0
.-4
U 0
Z 0,
0
0
Z
14J r',.
0 0
0
Z
¢3
•oeooooooooooe
00000000000000
J
__0_
oooooooooo
0000000000
gggggggggg
_0__0____
___0___
oeooooeoooeoooeooooooooo
_0_____ _
___0__00_
____0_
0 ___0_
ggggggggggggggg
_0__
__0_00
0___
_0___
U ___0_
zggggggggggg
_00_0_0_
I|II!
0_0__
___0 _
_000__ _
_0_0__0
= g_g_ggg_gggggg
_0__
gggg_ggggg
__00_ _00
0000___
= zggggggggZgggg
0000000000
_ggZ_ggZg
00000000000000
00000000000000
0000000000
0000000000
D-.14
Pratt & Whitney Aircraft
PWA FR-3299
.-'4
S
Z
Z
O
13£
_u
27
O
U
C_
O
l--
_f
0
I.J
J
x
0
0
0
o
S
0
O
&
Z
• • • • • • • • • • • • • • • • • • o • • • • • • •
w •eOlOlilOlOel•••Ol•lOiiOOlliOl
000000000000000000000000000000
OOOOOOOOOOOOOOOOOOOOOOOOOOOOOO
•eoe••oooo•eoeooooeoeeeooeoe••
j I••llOiOOeleOeleil_I•OIOeOOIIO
00_• •O •O•O •e•Oe •
_[ 0000000000000000000C) 00000C30000
_o qt O" _ 1"-- <1" ,-_ C ¢t -,t CJ ,--4 _,,-4 c:r_ ._D C _-_ t'_ _3 _,
S _ gggoggoooogo_g_o_ .... gooo__
IJ IIlilll
(%11 _"
I.L
o
0",-40
41" _0, • • •
I I OOe
_,D 0
_q
c3 ,-._ ,-I
o0o
_ _ •go
0 _ 11 •
. go2
0
0
o
L
123
o_o
O•
,;t -z _
_0_
lllli
• •(DO• (O O (.D O CO O _3 _ C. 0 C_ C_ C_. T_ C, C £ CJ C_ _ C,:
ZS " " doo___,J ................C',C) O
IlllilillllllJlJllJillJili
D-15
Pratt & Whitney I=li rcraft
PWA FR-3299
O
O
0
g
0
J 0
X
g
_D 0 I.-
IIJ _r_ 9{
o _
U _ Z
_ o
Z
Z h.
"_ W ¢'1
IY. m C
Z _
t,S
C
z z _
n_
Z
i, i
C_
111111111111111
Z
a
__ooo_O_
ggggggggggggggg
N
N__O000__
ggggggggg&ggggg
0__0__
119111_11111110
_O__N_
0
I _ I_
0
_0_0__0
gggg_gggggggg
_0___
N_N_O000
ggggggggggg
!
_0_0_0_
___00
00_.__
ggggggggggg
_0__0_
11111111111111
_0__000_
gggggggggggggg
_0_0000_00000
ggsggggggggggg
111111_111_111
111111111111_1
__0_0__
iEji;;g_i_EigJi;
_0___0_0_@
ggggggggggJggggg
___00_0_
_0_0_0__0_
0_0__0_0__
IIIII II#III
_o____
gg&ggi_ggg_ggg_
O00¢DO000000000 "°
O000000000000CO
o ooooooooooooo
D-16
_ OOOOO OOO
• eooooeeeoeoo
_O0000000E_O00
O00CO000000000
_gggg_g_ggg_g_
_OO OOOo
Pratt & Whitney I:li rcraft
PWA FR-3299
N
O ur_
O
O
O
I-- O
g
0
j ur_
X
g
0
l-I
g
• ,,,4 Ill-
U E
Z
Z
0 _
n,, m C
Z
r_
C
z _ g
0 0 t'_
Iv"
0
Z
l_, p.
0 0
0
__0_
0__
Z _
O__¢¢
_ggggg
gggggggg
il. _ I,_I,.-4
gggggggggggggggg
___0__ _
____0__
_OO____
0__
O_ _
J_g_gggg
g;g;;g;gggggg;_g
0__0__0_
ggg;ggggggggg;gg
_O_O_H_
00__
I I I I I I I
I
O_C_ _O_N_O_
ggg;;ggggggggg;g
0 ,-_ ,._ ¢ ,/'_I_- aO 0 0 0 0 0 0 0 0 0
gggogggggggggg(;g
_%___=__%_. ... ......
ooooocoo ooc ooGoooooooo oo
o o.o.o o o _ o.o o._. o o o _ _.o.oo o o.o.o
0 ¢)00000000CJ 000 _0 CO O000 O0
o.o.o.o o o.oo oo.o o o o o o oo o o o o.oo
o ooOOOoO oOOOoOOOOOOooOOOO  ooOO Oooco
D-17
Pratt &Whitney Aircraft
PWA FR-3299
eooooooooooooo
0
|NON_=ON_FFO
oo=.o®®®======
_ O_ _
_ oeeeeeeeeeeeee
_ 00000000000000
oeoooeoooooooe
z
Z
0
p-
,¢
¢D
M
i,
z
0
B,j
Ix
0
I--
z
0
bJ
N
0 In
0
0
0
I-- 0
f.4
g
o
,.J
x
0 o
in o
_4
*,, ,,,.,
U O"
o
!
U o
7 _
o
z in
o
_0_0__0_
j ooooooeooeooee
Z o_o0o__
O_O_N__
J N____
O0__R_O
0 dFN_N_NF=_
OON___
.;._.;-zgggz gg gg"
__0__
gggggzg_gggggg
U
_0___
_0__0_0_
__00_0
_|lilll|!
!
__0__
ooooooeoeoo
__o_o_
_o_o_o_
gggggggggg_
oo0ooooo0oo
OOOOOOOOOOOOOO
oooeooooooooeo
0 00000000000000
00000000000000
000___0_
D-18
Pratt & Whitney I:::lircraft
PWA FR-3299
r-i
Z
O
r_
3
L_
N
I,
Z
O
U
O
I.-
21
O
_O
L_J
E
I--
.J
X
O
M
h
U
>
M
Z
O
_O
Z
N
O
O
O
O
g
O
O
IM
g
O
O
f-4
,0
CP
O
I
i.
O
I%1
IM
O
O
IM
O
I'-
O
O
•el•••el
O
W ••0oooee
eeeIeeli
OOO00OO0
J
_0_0_
o•oeoooo
0 __0_
_0__
_0_
O
O__
• 00 •
ooooeoeoeoooeoo
oooooeoooeooool
O0000000OO00000
ooooeoeoooooooe
000000000000000
___0_
00____
eeio•eiIl•eo•eI
_0_
%%_%_o__... . • .
_0__0_0___
0 _____0_
00000000000000000000000
_0__0
0__
_0_
g_g&ggg
U __N
0_0_
_|I|!
!
I HheO_
g&g_gg
g__oo
__0___
gggggg_g&&gg&gg
OOOOOOO
o g&g_gg_
0000000
_0__0__0
gg_&_gg_gg&_ggg&
__O_O__N
_0000000__
gg_gggg_g&gggggg
IIIIIIIIIIIIII
__0___
__0__
gggggggggggggggg
g_ggggggg;dggggg
0000000000000000
gg_ggggg&ggggggg
D-19
Pratt & Whitney Pl irc raft
PWA FR-3299
Z
Z
O
M
j.-
I=.
Z
O
U
_K
O
l-
Z
0
m
-J
X
M
bL
U
0
0
ooeeooooo
Z
0
oeeoeeooo
O0000000Q
0__
oeoeooooo
000000000
ooooooooo
_O_O_
_O_O_O_
J ooooooooo
Z ___
oeooooooo
__0_
0__
0 __N_
ooooooooe
000000000
0
_ oe-o,oooooo000__
0
0 _ _'__
_ _N_O_
ooooooooe
O00_N_
0 _ __0
_ _00_00_
_ 0_000000
0
O il
0
_ ooeeeoooe
0 _ __0_0
0
0
N
_0_0
o = ggg_ggggg
Z 000__
O _
Z
=3
I 000000000
0
= o g_gggg_g_
_ 000000000
0 _ 00_000000
0
D-20
r_ O,
0
g
0
_- 0
..-4
g
0
--I 0
X
g
0
O
-.a
C_
I&
Z
C_
u_j
bJ
n,,
14.
bJ
..J
b.
0
0
_J
Z
0
_J
Q.
LO
n_
0
rn
<[
a
b3
a.
t_
n_
8--
U
j..
O r,,
p4 h (_ tiJ
U (2, Z
Z
0 "'
_- 0
I -1-
_0 0
k9 _ 0
M. t_
121 '_
U 0 _.-
0
<[ U 0
Z _ e
0 Z e
(,/) ,-4
0
Z
b, I_
e'_ 0
0
0
t,
O_P_O
_i" t,_ t,rl
000
00_)
00_
eeoee
00000
_0
_gg&g
_ ,-_ _n_ ,_l" 0
•-4 e-4 (_J t"d _
0_0_
_0_
eeeee
_0
oeooo
eoeeo
00000
ooooe
000_
ooeoe
000_
I
_00
_0000
!
_0_
0_
•,0 _, ,43
r.¢ ,,-4 ,-_
OCO
000
000
000
4"
0
,,-4
g
N
0
P- e_ 4_ 4"
-.-_ _ _ -t
P"" 0 -t -"*
_ o4 c_l P-
0 .¢ ur_ ,0
OOOO
U_ ,...4 _ t"4
o • • •
e-.4 (_1 (%8 (e'O
0', ,,1r 0 C',4
O00C_
_;gog
I
,,T 0 p.. p... _r, p.-
ogoogg
_"_ _ 0 _, _ 0
O0000O
000000
000000
r-.m _-4
D-21
Pratt & Whitney I:li rcraft
PWA FR-3299
Pratt & Whitney Aircraft
PWA FR-3299
_0
%0
0_
c_
o
O0
Z
_m
L_
0
r_
Z
0
g
Z
0
A _
U
Z
Z
0
I--
N
0
0
a iil$1gllJ
Z
O
eieooooo
_O__
oeoeoooo
00000000
oooooeoo
0 0_0__
_0_0_
ooooooeo
Z _0__0
_O_N_
oooooolo
0 __
eooooeoo
0
0 _ _0_0_
_ O0_NNN_
0
-J 0 u_ _ _ ¢P_ _Ir ¢_ _ _ ¢_
X 4" _ _0 _ _=-_ Ol _ ,,1"
UJ o • o • • • • •
0 _ 00000000
_ _ OOO00000
_ _ 00000000
0 _ oooooeoo
• _ 00000000
0 Illlllll
_0_0_
U _ Z ooeooooo
00000000
_ oeeooeoe
0 _ 00000000
0
0
>
_00_0_0
_ _0__
00000000
U 0 _0_
Z 0 _ 000__
0 _ _ ooooeoeo
_ 0000000_
00000000
0 eooooooe
_ _ __0_
_ _ 000_00
0
D-22
L
.J
X
u)
Z
_)
M
I-- t,i.
ea[ _j
QC:
Z)
I,L
Z
0
U
U
Z
Z
in
I--
'_ Z
0
Z
N
0
0
0
0
&
0
0
,0
0
0
0
r-
0 ooooooeo
Q
W ooooeooo
00000000
oeoooooe
00000000
J
_0_
eooooooo
O N_O_
0 0__0
oooeoooe
0__0
eeoooooo
0 __
oooooooe
00000o00
_0_
oooooooo
_O_N_
oooooeoo
00__
00000000
U 00000000
00000000
ooeooooo
00000000
llllllli
_0_0_0
Z oeeooooe
00000000
_ eooeooee
0 _ 00000000
0
0
_0_
_ __0_
0 _ ooooooo_
O0000OO0
0
0
e-e
0
tt_
I"
0
0
000__
ooooooee
0000000_
00000000
o __&
D-23
Pratt & Whitney Aircraft
t_TA FR-3299
Pra_ & Whitney Aircraft
PWA FR-3299
Z
Z
O
I-
D_
D
h
Z
O
U
U
Z
k"
O
Ul
h,
I.-
I--
t-t u_
0
o
0
_- 0
p=0
0
--I 0
x ,,4"
tO 0
O
0
0
t.J ._
.It
o
!
_. 0
0 _
0
Z
o
v-
0
J
Z
W
e_
r_
ii
h
LAJ
J
h
O
D
..J
Z
/
OL
O
_n
_J
D.
=E
N
ul
hi
I--
U
_C
I--
{E
hi
Z
U_
Ul
1"
D.
O.
O
h,
U.
0,0._
000
000
OO4"
f_.- P..- ,0
_ .-.4 ,0
e,,.4 ,,,,4
_0-_
e.,4 e,-4 ,-4
m 0', _',
,,..,, ._0 Or,
0" q_ _"
I_(DO
,_N
_¢'_0 ,_
000
000
000
000
000
! ! I
I%11'_ I'M
000
• r41'_
000
000
000
_4NN
_0,_
...4 _.4 (%J
000
NNO
000
r,.,., g',..,. (_,
a,,.,ee,,4 ('_0
,g_ e"'- 0
r_4 q_ _
• -'_ N 0
,-.4 ,,=4 ,,'4
an .d. gn_
0,, (J,, en
000
e,.4 ,-4 (_
_ Od_ g_
p4 e,.4 g'M
000
000
000
000
! ! !
000
000
_0_
001_
000
D-24
0I--
J
X
N
tll
Z
Z
0
I,... I¢.
,K U
t.9
b_
Z
0
U
bJ
U
Z
Z
0
U_
bJ
I-
_" 0
Z
0
0
0
Z
0
OOOOOOO
',O ',O .,0 ',_ ,,0 ,,D ..O
M.. e'.4 e...4 e-4 e,..4 e...4 e-.4 e..4
Id. • • • • • • •
bJ 0000000
J
_0__
ooooooo
J oeooooe
_NO0
J _N_
ooooooo
• 0000000
0
0 _ _O_R_
_ ooooooo
_ OO0_N
0
0 _ __
_ _0_
ooooooo
OOO_N
0 _ 0000000
0 U 0000000
_ 0000000
C _ oooo*oo
• _ 0000000
0 IIIIIII
Z oeoeoeo
0
0000000
_ oeeeooo
0 _ 0000000
I _ __
0
0
_ 0__
0 _0_
0 _ 000_
0000000
0 eoooooe
0 _0_
0 _ __
0
D-25
Pratt & Whitney Aircraft
PWA FR-3299
Pratt & Whitney A ircraft
PWA FR-3299
z
v
>_
[.r.] o
o
O
r_
H
M _- o
g
O
O T J _
• -- X 4"
z gO z
_-4 1"9
_ m
t.- O
_ z
O o
O
O !
H m o
a _
J O
I.-.-
Z
_ 7 g
_ O _
X ,-4
0
Z
I_ l'.-
r'_ 0
0
eeoeeeeeeeeeeeeee
N
__000_0_
ggggggggggggggggg
00000000000000000
ooeeeeeooeeeeeeee
oeeeeeeeeoeeeeeee
___0_
00__0__
eeeooeooeeeeeeooe
_0___0_
0 _0____ _
0____ _
ooooeoeeooooooooo
00000000000000000
_ONO__O__
O_N_O0000_O_
oeeeooeoooeeooooo
_0__0_0_
_0_0_0__0
___00_0_
oooeoeoooooeooooo
000____0
___0__
U 0_0_0_0_0_
0___0__
ooooooooooooooooo
__0.000__
IIIIIIIIIII
_0____0
___0__
_0___0_0_
ggggggggggggggggg
gogggoggggggggggg
00000000000 000 000
D-26
0
5
O
Z
rj
_-4
.<
m
z
z
o
2_
z
o
u
o
z
o
N
0
0
0
_- O
g
0
.J 0
X N
g
M .It
.,, .g
o
0
g _.
0
4t
0
!
LI_ 0
0
(%J
"2.
0
U O
B-I
0
Z _
¢,L 0
0
.....J e"4P4P.4e".4e...4P4
Z
Q
(_*.4t_,J('_.Jl%J,-.e
41" ,t -t ,:,T ",.Y "4f"
hn • • • • • •
iV 000000
_O(_f"_,.,,O(eJ
tO. P4 pe t...4 a...4 r4 e.4
LI. • • • • • •
tiJ O00(_O0
.J
"'oN('_.,_('_l('q
tl,. ¢%J "_l" O_ C_J O f""
0 P"',,_',,T(q_."'4_
e."4 e'.4 t_d
eeooeo
oeoooo
N_O_
0 0_0_
oooooo
000000
oooooo
_ eeoeee
_ _0_0_
_ 00_
_ eo_oee
_ 000000
10|8|
Z • • • • • •
0__
oooeee
00_
_gggg_
__0
0000_
eeeeoe
000000
000000
oooeoe
D-27
Praff&Whitney Rircraff
PWA FR-3299
Pratt &Whitney Aircraft
PWA FR-3299
I
{3
==
¢M
==
LIJ
J
(3 u_
O
O
I-- O
l-l
g
O
J O
X un
g
0
0
0
U _
g
Z
0 4"
_ 0
LU
t_ 0
i'M
Zo g
G
_,- U 0
z z _,
bJ _
0
Z
0 0
0
_00_0_ {__ _ N_ _ _NN_
gggggggggggggg_gggggggggg
NNNNNNNNNNNNNNN_NNNN_dd
0000000000000000000000000
-I
_0_0__0__ _
g;gg;gggggggggggggggg;ggg
_00_____
___0___0
__0__00__0
___0___ 0
__0_0_0_0_00__
__N__O0000_O_
000_000000000000000000000
I IIIIIII
0____0_00__
O000000OO0000000OO00OOOOO
mmoocoo _oo OHH_H_K_N_mm_
gggjggggggggggggggggggggg
ooo_oo_oooooooooooooooooo.... • • .....
D-28
Pratt & Whitney la i rcraft
PWA FR-3299
J
X
M
_eteeeee--lleleoooQooooo
J OOOOOOOOOOOOOOOOOOOOOO_O
Z
W oeoeoeoeeeeoeleoeoleeQee
OOOOOOOOOOOOOOOO_OOOOOOO
NN_N_NNNNNNNNNN_N_NN_
eooooeooooooeoeoooooeooo
O000000000000000_OO00000
J
ooeoeeooeooooooeoooooooo
J eeoooooloooeoooeooooooio
ooooooo0ooeeoooooeoeoolo
N
0 n,
• 0
0 _n
eeooooeeooooeoeooooooooo
00000000000000000000000o
0
0 _'_ _ _" 0 _0 _r_ (,_ P- _
,,,4 _'_ _- _- _ _ _00,-_
_" 00000 O 00 ,..._ ,....0 ,..4
0
0
¢v
ooeoooooeoeee
oooooooooooooooooooooeoo
OO000COO0O____N
0 _ oeooeooeeoloooooeooeoooo
• _ 000000000000000000000000
0 I10118111111111111111111
f-
ly
h hl
Z
0 hl
I-- 0
I I
hl
--_ Ul 0
_ o
0 '_
U o _.
O
0
0
0
Z
0
N_O____'_
ooooeeeooooooooooooooooo
ooooooooooooeooooooooooo
ooooooeeeoeoolooooooooeo
O000000000000000000CO000
00000000000____
gGggg_gggggGgGGgGgggggGg
O0000C O00 O00 O0 C) 000-._ 0 C_ O00
O0 O0 O0 O00000000 :D O0 C) 00 C:D 0
D-29
Pratt &Whitney Aircraft
PWA FR-3299
N
O
O
O
i-- O
r-4
g
J
Z
eooeo
OOOOO
N
oleeo
OOOOO
J
It111
j colic
ooooo
{ !1111
OOOO0
0
/ 0
x
g
_' 0
0
ul r--
0
o
0_
loeee
0000_
U _0
IIIII
U _ Z oeeee
Z
Z
_ 0
0 • _ O_
U 0 _ eeoee
00000
0
U 0 _0
0 _ 000_
0 _
Z
i,i
O
O
u_
i_-
O
O
00000
lille
D-30
O6_
8
Z
• Z
O
l-.-
eC
:D
e-e
LII..
:Z
O
o_p
It,
O
8.--
Z"
O
qa_
ILJ
8_
N
O
g
O
J"" O
eel
&
O
.-J O
X _ IO
&
O
O
O
IL eD
U P"
4
O
t
oqe_
1%J
O
U O
z
O e.q
0_ ,...4
e..4
O
Z el_
O O
O
._J e-.4 P.4 ,.4 r.4 p4 ,..4 s-4 ..-4 e-4 _.4
_0) u'_ ._ ..Y .,Y .4P 4" ..Y _ a'_l N
Oq_OOOOOOOO
q_
0..4 P4 e.4 ,.4 ,..4 ,.4 p.0 ,.4 ,..4 _.4
it • • • • • • • • • •
I_J OOOOOOOOOO
J
la. _,,_ 0 ,o _ o .o u_ ..t o
,...4 f..4 ('_
J • • • • • • • • • •
O ,..4 ,-.0 P* _ _l
,,0 ¢'_ ..t N _'_ ,_ -.t 0 0 ,0
e..4 e..4 ,..4 e-4 e-e e..4 p4 e-..o ,..4 ,-4
OttO0000000
Q. • • • • • • • • • •
'_" P4 e..4 e.4 e..4..9..4 f.4 e..4 e..4 e-4 _-4
0__0_
oooooooooo
OOOOOOOOO_
_." e.4 e-4 ,-4 ,-4 a.-4 ,-4 e..4 ,...4 ,..4 ,.4
I J I I J I 8 I I 8
0000000000
_ _,. I',- P.- I_- P,- I",- _- I_- P-- I'_
D-31
Pratt &Whitney Aircraft
PWA FR-3299
Pratt &Whitney Aircraft
PWA FR-3299
0000000
0_0_
e_eooooo
eoooooo
OO__
N
_00000
oeeoooo
O0000OO
oooeeoo
0 _0_0_
OOOOOO
_OOOOO
eeeeet
eeeoee
_0_
000000
eeeeee
000000
_0_0
eeeeee
r._
r_
cD
0
0
C
rl 0
c
.4 g
l
W
>
W 0
J J 0
X u'_
£5
= &
0
Z _
Z 0
0
U
>. •
_'- 0
0
.J 4"
_ > _,_
Z 0
0
Z
C
0
_0_
oooo
Z 0_
0_
0 _0
oooo
O00O
00__0_
0_0_0_
eooeoooeo
ggggggggg
_0__
oeooooooo
000000000
__N_NO_
__000_
_oooo_eo.ooeoo
_OO_O_
_OOOO__
ooooooooooooo
__0000_
eooeoooooooee
IIIIIIIJJJlll
eeooooooeoeoe
ggggggggg;ggg
OCO0000000000
= g_gg_gggggg_
OOOO
o
000000000
D-32
IT,
0
...J
n,.,
....J
r.,
Z
0
_u_
I--
Z
I,-
qu_
z
0
U
I--
iv,-
0
,.J
.J
rr
T
I,--
)
X _
_ e
U C
4"
3
I
U 0
Z 0
0 m
0
h_
0 0
0
0000000000000
I 0_0__00000
OO000OOOOOOOe
ooooooooooooe
___0_ _
0000000000000
eooooo0oooooe
GO00000000000
oooooooooeooo
0 ___0_0
___0_
___0_0
J oooeoeleoeooo
ooooooooooooo
_0__00_
0 _0_0_
ooooooooooooo
0000000000000
_0__0_
eooeoeooooooo
oeeeeoeeeooeo
ooooooooooeoo
JJ|JJJ|JJJJJ|
_N_O0000
0000000000000
= ;gg;ggg;gdggg
0000000000000
D-33
Pratt & Whitney Aircraft
_A FR-3299
Pratt & Whitney Aircraft
PWA FR-3299
m
S
==
N
O
0
0
g
0
J 0
X u%
0
0
0000000000_00000
I 0000000000000000
_ eoeeoeeeeeeeeeee
_0___0
_00000000_00
eeeeoeeoeele
000000000000
__00_
oeeeeeoeeeee
0 _0__
oeooeooooooo
N_ _0_00_
__0_0_
oo_eoeoooo_o
__O_O_m
0 _O__O_m
ooeoueoeoooo
000000000000
oeoeoeooeeoe
0___
eeoeoeoeeooo
_0__0_0_
ooooeoeooooe
_O00000_H
llllllll
_ ___0_
_ _ 0_0_0_
U _ Z eeoooeeeooeo
0 I
_00_0_
0 _ _00_00_
I _ ___000
0
0
>
_gg_ggg_gdgg
g
O
000000000000
_ eeoeeeooeeee
000000000000
000000000000
oooo_eoooe_o
Z _ _ 000000000o00
_ _ 00000_000o00
0
D-34
O0 r--- o_ _-
0000
0000
o_ O_ ,,00
c_ ..T C_ .--0
•.T ,_ CM .,T
oeee
eoeo
eeee
0000
0_
e_eo
oooo
_0_
oeoo
0,-_ _0 _
r_ t_l t_l t5'1
8eee
_0_
_000
gggg
OOOO
eeoc
_000
0000
0000
oooum
Pratt & Whitney Aircraft
PWA FR-3299
OOOOC_ OOOOOOOOO:-} O
1- C) OOOOOOOOOOOOOOO
,,J r_,.p-, f,,, r,. r,, i_, f.- p- i_ r,.. r,, F,. r_. r.- h- p-
) N N N ('q tM N _1N N N f_ P,_ _J -d N N
N
u_ ,i" .-I N_ ,0t _" P-P-- O 0_ r-- P- ,01_P --
11. 4'00000000,"4000000
U • • • • • • • • • • • • • • • •
., _# 00000 O0000_._O000L_
J ! !
0 el .-I m _0 _0 ,,lr P- <_ -t O _O d'l _-_ P- H ¢0
:) (¢t _) P'- P. P- P- P. P- o00 r-- f.- ¢o 0_ 0o o_
J • • • • • • • • • • • • • • • •
P'- ¢'_ <r f- _'_ f-. ¢_ o _t f-- .-_ ¢oo urt o P-
,4,.4
J P_P" _ 0_ O O O O"4 (n O O O fq O _1
N
Ul v'_el_'_4' 4" d" 4- _ _n ._t' 4' ,f ...+ 4'_1 '
'el: OOOOOOOOOOOOOOOO
O
I-- _ 0 _ _ _0 ,_ _r_u_ u_ O_ 0 u_ _0 =0 ;'-_-.0 r_
O 14J I_lt Irl 0 _0 ,.11"P- 4_ m H r-- _, _ _-_ O, t--t Io
1"4 e'_
O
?" J O (¢] _1}P" u_t 0_ _0 Pt _,_P" u_ <r N ¢o¢o .-I i_- P=
e U) 0 .-4 tO (N cq ,_ cq ¢_ 0 r,- u_ _0 0 0_ P- _0
:: o°- ................_ I I I I I I I I
_. _ U (_ Z ................
.,. _ N O O O ,H, H Pi r't ,,'_ O4 N _1 ¢_1N t_ I_
_,.;. , ,
8
• • _ _-Ir4 _-Ie-__-I 0000 r'_C_ 00000
_ _ o oooooooooooooooo
= o.ooo o.oo. oooo oooo ....... --
z _ 0 o00ooooo00_oooo0
_ _u _- _ ooooo,nooooooooo_ i0 0 _ _0_ I_ t_ _ O" 0 _n _0 _; O" al
• IA e4 ,.i _1 pI p4,-1,4 IM N N IN _ ¢_ en 4' |
O !
D-35 I
t
×××××××-003
Pratt & Whitney Iqirc_raft
PWA FR-3?.99
N
mn
o
O
m
o
I,,- 0
J
_ 0
X _
.- &
""1
0
I-- ,-4
0
U
0
_1 ,It
u.l Q
n,i
_ _ 0
= -;
>
I
0-
_._ 0
_ 0 _
0
Z
I_-
0
0
00000000000000
eeooeeeeoeeeee
W _0_0_
_O___O_O
W eeoeeooeeeeeee
O00000000OO000
J
ooeooeooeooooe
0 _0__0_
J oooooeoeoooeoo
e..4 e-e ,-.4 ,...4 ,..4 ,-.4 e..4 ,-4 *-.4 ,..4 ,-4 ,-..4 ,-4 ,-4
0 IP*" _ *"_ _ O_ _ P'- _ ¢_ f-_ 0 P- _D 4"
00000000000000
LAJ • • • • • • • • • • • • • •
U _I _i" _ ,r-4 _ _ ur_ _I" o,4 ,--_ 0 0 I_- _D
._ 000 .--_ ,-_ ,--_ ,-, ,-_ .--_ .-_ ,-_ .._ O 0
/_ 00000000000000
| ! I I I I I # I I I I I I
_" _.-_ _ _ 0 ,-_ .-_ _l 4" U_ _ _ _ 0
Z • • • • • • • • • • • • • •
,..4 e.4 ,,...4 ,.-e ,-.4 ,-.4 ,-.4 P4 ,..4 ,.-4 ,-.4 e..4 ,-4 p.4
_ _ _-_ 00 _ _ ._ _ _ _'- _" _ o_
O.
00 _..._ O _ _.. ,_ _ U_ U_ ,_ ,_ ,T
O00000000OO OOO
0000000t_000000
I_0000000000000
00000000000000
D-37
Pratt & Whitney Plircraft
_A _-3299
Pratt & Whitney A i rcraft
PWA FR-3299
N
000_0031J00300
N ggggggg//g/_
ggg;gggggggggg
J
NOO_N__O_
oooooooooloooe
_000__0_
J __0_0_
oooooooeoleoel
• 0
0
_C
0
I-- o
0 ,-4 t_
,o _ ,,
_J
_ 0
..J J 0 _
_ uP _
Z 0 u_
Z_ Q:
0
Z
0
0 _
_J 4 _
_ 0 _
> I T
_ m 0
C_
>
I
_ U 0
Z
0
e_ C
0
___0_
ooooooeooooooo
0000000000oo0o
__0_0_
_0000__0_
___0_
_0000__0_
eeeoeeleeeeeee
00__0000000
gggggg_ggggg_&
IIIIIIIIII
___°_. ... ..
__o___ _
ggggg;gggggggg
00000000000000
gZgggggggggggg
_ooo_oo_oooeee ee leo
_oog_ooo_oo_
D-38
Pratt & Whitney I:li rcraft
PWA FR-3299
[-4 o
J
>
O_ "'J
Z
o
I--
_O _._
Z
O
U
> <
p-
U
0
J
IdU
W
--I
It+
,¢
Z
I.-
p-
J • • • • • • • • • • • • • • • • • • • • • • •
_0__0___
__O_N___O0
__O0____N
ooooooooooooooeoeooooeo
___oo
O0000000000000000CO0000
__N_O___O_
0 ooooeooooooooooooooooeo
___0___0_
J • • • • • • • • • • • • • • • • • • • • • • •
_1 e4 ¢"4 e"l ¢1% ¢'_ e_ c_ e_ ¢,% el% ,m% 4- 4- .,T 4- 4- 4- 4- 4- _ _ _
J __N___O00000 _
e-.I
0 n,-
g oIn
ft"
<[
0
I-- 0 0
tU
g "
.:[
0
j ,-4
X er_
g
t9 (%1
i-e ,.-4
,u9 t_
0
0
I_
U
g
0
I
; °
0
_ 0
o _
0
Z co
0
0
0_0__0_0___
ooooeeoooooooooooeeoooo
00000000000000000000000
U _O__OH_O_O_
W oeeooeoooooooeooooooooo
_0_0____
_0___0__0_
oeoooooooeooooeoeoooooo
O__C_O_O_O_O_
o_oooeoooeoeoeoooeooooo
__00____000
__0000000000000000
0000000_000000()000_0o00
ooeooooooooooooeoooo_oo
00000000000000000000000
00000000000000000_00000
oooooooeoooooeoeooooooo
00000000000000000000000
00000000000000000000000
oooooooooeooooeooooeooo
00000000000000000000000
00000000000000000000000
D-39
Pratt & Whitney I:li rcraft
PWA FR-3299
O
O
(_ O
t-- 0
0 ¢_
,4)
•-, g
.J
J J ,...4
X m
Z 0
0
I-- 0
u)
0
V
I..- 0
U _
,- &
0
-.J 4"
W 0
_J
_ It) 0
J _ 0
I
O.-
_ _ o
z ;
'_ 0 m
,_ ,..4
2" -,1"
g
OOOOOOOOOOOOOOOoo_
J eeoeooooeoooooooeoeo
ooooooooeoooooeoooeo
gggggggggggggggggggg
O oooo0ooeooo0oooooooo
O_____
J eeeeooeoeeeeooeoeeeo
_OOOOOOOOOOO__
i
ooooooooooooo_oooo_o
_0_____
!1111111111111111 III
00000000000000000000
_ONNNN_NNNNNNNNNN_
oooooooooooooooooooo
__O_NO__
oooooeooooooooeeoooo-
__0
_00___0 __0
oooooooooooooooooooo
I _0000000000000000000
_oo oooooooaoooooo
= ggggggggggggggggg_Z_
O00OO000000000000000
gggggggggggggggggggg
o ooooooooooooooooo=oo
oooooooooooooooooooo
D-40
L
Pratt & Whitney t:lirc raft
PWA FR-3299
00000000000000000000000
O_N_O_O_O___
J ooooo_ooo_ooloooooooooe
ooooolooeoooooeoeoooooo
N__O____
_____00000
ooooeooeoooooeooooooooo
J O00000000000OOOO00OOOO0
_N_O_O___N_O
0 ooeoeooeeeoooeooooooooo
m
r_
0
ICk
,4
J
W
>
hi
J
Z
0
I--
Z
,(
I--
el
Z
0
U
I--
.¢
)-
I---
O
J
>
J
'!-
t--
0
0
0
J oooooeeoooeeoeeoeoooeoe
i
oooooooooeooooooeoooooo
_O___N_O0_O_
0 ___0__0__
ooooooooooooooeeooooooo
OOOOOO00000000000000000
0
_ _ eeee_eooeeeeoeoeeeo*oeo
0
J ,.4
X e_
,-_
U) f_
0
0 "
0
U
4"
0
!
W
U_ 0
N
e4
o
g 0
z
0
e4
__O0000_N__
ooooooooooooeoe_eoooooo
U _N__N__O000
O_O_NO__NN_O0000
eooooooooooeeoooooeoooo
_N__O000000000000
Ill
Z eoooooooooeoeooooeooooo
0_00_____
ooeoeoeeoeooooooooooooo
O___O_N_O0_
I __00000___
e0
•_ o
o
O0000C _) C) 00 (J ",.) C) 0 C) C) 00 C) () C) -'-) 0
cn • • • • • • • • • • • • • • • • • • • • • • •
O000CO00000000000000000
000000000_0000000000000
oeoooeeoeoooooeoooooooo
00000000000000000000000
00000000000000000000000
oooooooeooooooooooooeoo
O0000000OO00000000OOOOO
O00OO0000000000000OOOO0
D-41
Pratt & Whitney I:li rc raft
PWA FR-3299
a
o
o
{3
0
0 _- O
(,%
J
W
>
W
J 0
J ,-4
Z
_ g
0
if)
Z _ _
U) 0
Z •
0 o
U
f-
U_ I'_
U
0
J
W 4"
• o
!
W hi
"_ > ,it
I
I--
_ u o
0
0_0000000000000000000
O___N__
_N___O__
I!!!111111111tt!11ttl
000000000000000000000
N ggggggggggggggggggggg
E _NNNNNNNNNN_N_m_
O oo_ooooooooooooooo_1
_NNNNN_N_NN_NNN_NNN
__m_H_O__
J llllOlllOlmO00lOllOll
0 ______
00o000_00000000000000
OO_)(JOOC_OOOOOOOOOOOOOO
O00000000OO00OO0000OO
oooooooeooooooooooooo
O 000000000000000000000
_oo_oo_oo_oo&_ooo
D-42
2i
i
i
1
1
1
1
1
2
APPENDIX E
DISTRIBUTION LIST
NASA Headquarters
Washington D. C., 20546
Attn: Dr. R. S. Levine, RPL
Attn: Mr. Ward Wilcox
Attn: Mr. A. O. Tischler, RP
Attn: Director
Advanced Manned Missions, MT
Office of Manned Space Flight
NASA Marshall Space Flight Center
Huntsville, Alabama, 35812
Attn: Purchasing Office, A&TS-PR-MA
Attn:
Attn:
Attn:
Attn:
Attn:
Attn:
Mr. Dale Burrows, S&E-ASTN-PJ
NASA Ames Research Center
Moffett Field, California 94035
PraY&Whitney Aircra_
PWA FR-3299
Scientific and Technical Information Branch, A&TS-MS-IP
Patent Office, A&TS-PAT
Technology Utilization Office, A&TS-MS-T
Mr. Robert Richmond, S&E-ASTN-PA
Mr. Rex Bailey, S&E-ASTN-PA
Mr. Richard Counts, S&E-ASTN-PPB
Attn: Technical Librarian for Dr. H. J. Allen, Director
*The report is to be sent directly to the "recipient" except where the
technical librarian for the recipient is designated. In these cases
the report is to be sent to the librarian and a copy of the trans-
mittal letter to the recipient.
E-I
Pratt &Whitney Aircraft
PWA FR-3299
Copies
I
i
24
Re cipient
NASA Goddard Space Flight Center
Greenbelt, Maryland, 20771
Attn: Technical Librarian for Merland L. Moseson,
Code 620
NASA Lewis Research Center
21000 Brookpark Road
Cleveland, Ohio, 44135
Attn: Dr. Richard Priem
Attn: Mr. Irvin Johnsen
Attn: Technical Librarian for Dr. Abe Silverstein,
Director
NASA Jet Propulsion Laboratory
California Institute of Technology
4800 Oak Grove Drive
Pasadena, California, 91103
Attn: Technical Librarian for Robert F. Rose,
Propulsion Division, 38
Attn: Mr. Jack H. Rupe
NASA Langley Research Center
Langley Station
Hampton, Virginia, 23365
Attn: Technical Librarian for Floyd L. Thompson,
Director
NASA Manned Spacecraft Center
Houston, Texas, 77058
Attn: Technical Librarian for Robert R. Gilruth,
Director
Attn: Mr. Cecil Gibson, Code EP2
NASA John F. Kennedy Space Center
Cocoa Beach, Florida, 32931
Attn: Technical Librarian for Dr. Kurt H. Debus,
Director
Scientific and Technical Information Facility
P. O. Box 5700
Bethesda, Maryland, 40014
Attn: NASA Representative, Code CRT
E-2
Copies
1
1
1
Pratt & Wh itney I:1irc raft
t_A ER-3299
Recipient
Advanced Research Projects Agency
Washington 25, D. C.
Attn: Technical Librarian for Dr. D. E. Mock
Defense Documentation Center Headquarters
Cameron Station, Bldg. 5
5010 Duke Street
Alexandria, Virginia 22314
Attn: Technical Librarian for TISIA
Picatinny Arsenal
Dover, New Jersey, 07801
Attn: Technical Librarian for Mr. I. Forsten,
Chief, Liquid Propulsion Laboratory, SMUPA-DL
Rocket Research Laboratories
Edwards Air Force Base
Edwards, California, 93253
Attn: Technical Librarian
Attn: Lt. Wayne Pritz, RPRRG
U. S. Army Missile Command
Redstone Arsenal, Alabama, 35809
Attn: Technical Librarian for Gen. Zierdt
Attn: Dr. Walter W. Wharton, AMSMI-RRK
U. S. Naval Ordnance Test Station
China Lake, California, 93557
Attn: Technical Librarian for Chief, Missile Propulsion
Division, Code 4562
Attn: Mr. Edward W. Price, Code 5008
Chemical Propulsion Information Agency
Johns Hopkins University
AppliedPhysics Laboratory
8621 Georgia Avenue
Silver Spring, Maryland, 20910
Attn: Tech. Librarian for Tom Reedy
Attn: Mr. T. W. Christian
E-3
Pratt &Whitney Aircraft
PWA FR-3299
copies Recipient
ARL
Wright-Patterson AFB
Dayton, Ohio, 45433
Attn: Mr. K. Scheller, Bldg. 450
Headquarters
Air-Force Office of Scientific Research
Propulsion Division
Washington, D. C.
Attn: Dr. Bernard T. Wolfson
Department of the Navy
Office of Naval Research
Washinton, D. C., 20360
Attn: Mr. R. O. Jackel
RTNT
Boiling Field
Washington, D. C. 20332
Attn: Dr. L. Green, Jr.
Aerojet-General Corporation
P. O. Box 1947
Sacramento, California, 95809
Attn: Technical Librarian for Mr. R. Stiff
Aerospace Corporation
P. O. Box 95085
Los Angeles, California, 90045
Attn." Technical Librarian for Mr. J. C. Wilder
Attn: Mr. O. W. Dykema
Attn: Dr. W. G. Strahle
Arthur D. Little, Inc.
Acorn Park
Cambridge, Massachusetts, 02140
Attn: Technical Librarian for Dr. E. K. Bastress
Bell Aerosystems Company
P. O. Box i
Buffalo 5, New York
Attn: Technical Librarian for Mr. W. M. Smith
Attn: Dr. Theodor G. Rossmann
Boeing Company
P. O. Box 3707
Seattle, Washington, 98124
Attn: Technical Librarian for Mr. J. D. Alexander
E-4
Pratt &Whitney Aircraft
PWA FR-3299
Re cipient
Curtiss-Wright Corporation
Wright Aeronautical Division
Wood-ridge, New Jersey, 07075
Attn: Technical Librarian for Mr. G. Kelly
General Electric Company
Cincinnati, Ohio, 45215
Attn: Technical Librarian for Mr. D. Suichu
1
The Marquardt Corporation
16555 Saticoy Street
Van Nuys, California, 91409
Attn: Technical Librarian for Mr. Warren P. Broardman, Jr.
North American Aviation, Inc.
Space and Information Systems Division
12214 Lakewood Boulevard
Downey, California
Attn: Technical Librarian for Mr. Bergen
Reaction Motors Division
Thiokol Chemical Corporation
Denville, New Jersey, 07832
Attn: Technical Librarian for Mr. O. Mann
Space Technology Laboratories
TRW Incorporated
One Space Park
Redondo Beach, California, 9027£
Attn: Mr. G. W. Elverum
Stanford Research Institute
333 Ravenswood Avenue
Menlo Park, California, 94025
Attn: Technical Librarian for Dr. Lionel Dickinson
TAPCO Division
TRW, Incorporated
23555 Euclid Avenue
Cleveland, Ohio, 44117
Attn: Technical Librarian for Mr. P. T. Angell
E-5
Pratt & Whitney Ai rcraft
PWA FR-3299
Cop ies
1
1
1
1
Re_R_q_pien t
Thiokol Chemical Corporation
Redstone Division
Huntsville, Alabama
Attn: Technical Librarian for Mr. John Goodloe
United Aircraft Corporation
Research Laboratories
400 Main Street
East Hartford, Connecticut, 06108
Attn: Technical Librarian for Mr. Erle Martin
Attn: Dr. D. H. Utvik
United Technology Center
587 Mathilda Avenue
P. O. Box 358
Sunnyvale, California, 94088
Attn: Technical Librarian for Mr. B. Adelman
Attn: Mr. R. H. Osborn
Rocketdyne Division of North American Aviation
6633 Canoga Avenue
Canoga Park, California, 91304
Attn: Technical Librarian for Mr. S. Hoffman
Attn: Dr. Robert B. Lawhead
Attn: Mr. Eugene Clinger
Warner-Swasey Company
Control Instrument Division
32-16 Downing Street
Flushing, New York, 11354
Attn: Mr. R. H. Tourin
Rocket Research Corporation
520 South Portland Street
Seattle, Washington, 98109
Attn: Technical Librarian for Mr. Robert Bridgeforth
Defense Research Corporation
P. O. Box 3587
Santa Barbara, California
Attn: Mr. B. Gray
E-6
Copie s Recipient
Geophysics Corporation of America
TechnicalDivision
Bedford, Massachusetts
Attn: Mr. A. C. Tobey
Pra_&Whitney Aircraft
FWA FR-3299
i
1
1
Applied Physics Laboratory
The Johns Hopkins University
8621 Georgia Avenue
Silver Spring, Maryland 20910
Attn: Dr. W. G. Berl
Ohio State University
Rocket Research Laboratory
Department of Aeronautical & Astronautical Engineering
Columbus IO, Ohio, 43201
Attn: Dr. R. Edse
Princeton University
Forrestal Research Center
Princeton, New Jersey
Attn Dr. I. Giassman
Attn: Mr. D. T. Harrje
University of Wisconsin
Dept. Mechanical Engineering
1513 University Avenue
Madison, Wisconsin, 53705
Attn: Dr. P. S. Myers
Dartmouth University
Hanover, New Hampshire
Attn: Dr. P. D. McCormack
University of Michigan
Aeronautical & Astronautical Engineering Laboratories
Aircraft Propulsion Lab.
North Campus
Ann Arbor, Michigan
Attn: Dr. J. A. Nicholls
Institute of Engineering Research
University of California
Berkley, California
Attn: Dr. A. K. Oppenheim
E-7
Pratt & Whitney Aircraft
PWA FR-3299
Copies
i
i
i
Re cip ient
Purdue University
School of Mechanical EnEineerin_
Lafayette, Indiana
Attn: Dr. J. R. Osborn
Massachusetts Institute of Technology
Department of Mechanical Engineering
Cambridge 39, Massachusetts
Attn: Dr. T. Y. Toong
lllinois Institute of Technology
10W. 35th Street
Chicago, Illinois
Attn: Dr. P. T. Torda
Georgia Institute of Technology
Aerospace School
Atlanta, Georgia
Attn: Dr. Ben T. Zinn
The Pennsylvania State University
Mechanical Engineering Department
207 Mechanical Eng. Boulevard
University Park, Pennsylvania, 16502
Attn: G.M. Faeth
E-8
